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1 Introduction 
 
The application of high temperature molten salts in ancient China 
dates back to the 2nd century B.C. and is even evident for the 
Shang Dynasty (16th – 11th century B.C.). These molten salts, 
based on alkali nitrates and chromates, were used for the surface 
modification of bronze weapons in order to make them harder 
and corrosion protected (1). It was Li Shizhen 李時珍 (1518 - 
1593) - one of the greatest chinese doctors, polymaths, scientists, 
herbalists and acupuncturists in history – who described melts of 
salt peter and their use in detail in Bêncâo Gāngmú 本草綱目, the world’s first 
pharmacopoeia,  which is the most important historical source of Traditional Chinese 
Medicine (2) (3). In the modern world the use of molten salts has a tradition for more 
than two centuries (4) and generations of chemists and engineers have developed such 
prominent industrial processes as cleaning, descaling, enamel, pickling, quenching, 
tempering, annealing, carburizing, boriding and nitriding of steel and other metal alloys, 
use as fluxes for brazing and soldering, slag processing, electro-winning  of alkali-, earth-
alkali or rare earth metals such as aluminum from cryolithe (Hall-Héroult process) and 
sodium from molten sodium-calcium-barium chlorides (Downs process), use as heat 
transfer and storage media e.g. in solar-thermal power stations, use as pyrolysis and 
incineration medium, scrubbing of stack gases, gasification and desulfurization of coal, 
use as electrolytes in thermal batteries and fuel cells, use in nuclear reactors as coolant, 
fuel, breeder blanket and metal recovery of spent nuclear fuel, use as catalytic or non-
catalytic media in a wide range of chemical reactions, e.g. as supported catalyst in the 
production of sulfuric acid or chlorination of hydrocarbons (e.g. vinylchloride), as 
oxidizing agent in the refining of lead metal (Harris process), in the so called liquid curing 
medium (LCM) vulcanization for rubber production, in the production of nylon-66 and so 
on and on (5) (6) (7) (8). 
Since some fifteen to twenty years a new class of molten salts has gathered remarkable 
attraction to innovators worldwide and induced an astonishing renaissance of these 
molten salt fluids:  
Ionic Liquids 
Ionic liquids are defined as molten salts with a melting temperature of 100°C or lower (9) 
in the liquid state, a large number of them being even liquid at room temperature and 
then being called “room temperature molten salts”. Compared to conventional molten 
salts they show some characteristical differences as presented in Table 1. 
 
1. Introduction 2 
 
 
 
“Molten Salts” “Ionic liquids” 
High melting points (~200 °C to ~1500 °C) Melting point ≤ 100 °C down to ~ -60 °C 
Aggressive chemical reactivity, high corrosion Mild chemical reactivity, low corrosion  
Considerable vapor pressure Virtually no vapor pressure 
Inorganic cations and anions Organic cations, inorganic or organic anions 
Strongly coordinating ions In general weakly coordinating ions 
Table 1: Comparison of "molten salts" and "ionic liquids" 
In the year 1888 Gabriel and Weiner published the organic salt ethanolammonium nitrate 
(HOC2H4NH3+NO3–) with a melting point of 52-55 °C (10). In 1914 the field of true room 
temperature ionic liquids started off with the fateful discovery of ethylammonium nitrate 
(C2H5NH3+NO3–) -  having a melting point of only 12 °C - by Paul Walden (11). It should 
last 20 years, until ionic liquids appear again as “cellulose solution” in an US patent from 
1934 (12), using molten quaternary halide salts of nitrogen bases, such as 
benzylpyridinium chloride, in order to dissolve cellulose, activate it and etherify or esterify 
it; this patent marks the first attempt of using ionic liquids for industrial applications. In 
1948 another application was patented (13) (14) (15): Room temperature molten 
mixtures of 1-ethylpyridinium bromide and AlCl3 were used for the electrodeposition of 
aluminum. The term “ionic liquids” was created by John Bockris and appeared in 1955 
for the first time in literature (16). After a quiet period of more than 20 years Osteryoung 
et al. and Bernard Gilbert picked up haloaluminate ionic liquids in 1975 again and could 
eliminate technical problems arising from the use of bromide by substitution of 
1-ethylpyridinium bromide against 1-butylpyridinium chloride (17) (18). These chloro-
aluminate based room temperature ionic liquids were not water and air stable, but 
attracted the US Air Force for applications as battery electrolytes (19). In the following 
years Hussey, Wilkes and King masterminded the development of cations being more 
stable against electrochemical reduction and found in the 1,3-dialkylimidazolium 
structure the “mother of all ionic liquid cations”. Their 1-ethyl-3-methylimidazolium 
chloride / AlCl3 system was a breakthrough and the starting point of the modern ionic 
liquid era in 1982 (20) (21) (22) (23) (24) (25) (26). Until today the group of low melting, 
low viscous and highly stable 1,3-dialkylimidazolium ionic liquids represents still the vast 
majority of all ionic liquids. 
In 1992 Wilkes and Zaworotko (27) together with Cooper and O’Sullivan (28) reported a 
new group of air and water stable ionic liquids based on 1,3-dialkylimidazolium acetate, 
nitrate, tetrafluoroborate, methansulfonate and triflate. These ionic liquids - showing low 
melting points and low viscosity - could be handled easily outside an inert gas glovebox 
and were the starting point of the second generation of ionic liquids, available to the 
broad public and pushing the development of the whole field strongly. In 1998 Jim Davis 
and others introduced a third generation of highly functionalized ionic liquids – so called 
“task specific ionic liquids (TSIL)” (29). Compared to conventional, molecular solvents 
the properties of ionic liquids could be fairly good designed by then, leading to the name 
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“designer solvents” (30). The world’s first industrial application of ionic liquids was 
announced in 2002 by BASF, the so called BASIL™-Process1 (31): 1-methylimidazole is 
used as scavenger for chemical reactions producing HCl-gas, forming liquid and easy to 
separate 1-methylimidazolium chloride instead of solids produced in conventional 
setups. However – Eastman Chemical Company had been operating an industrial 
process for the isomerization of 3,4-epoxybut-1-ene to 2,5-dihydrofuran already since 
1996 with an annual capacity of 1400 metric tons, using a tetraalkylphosphonium iodide 
based ionic liquid as a solvent, but didn’t claim it to the public until the year 2005 (32) 
(33) (34). 2005 was the year of the world’s first international ionic liquid conference 
“COIL1”, held in Salzburg, Austria (35).  In 2006 the world’s first engineering application 
of ionic liquids was announced to the public by Linde AG and proionic GmbH, the so 
called “ion compressor” (36) (37) (38): This compressor uses ionic liquid pistons to 
compress hydrogen gas up to 1000 bar in order to fill fuel cell electro vehicles and is the 
state of the art technology; around 90% of all 750bar FC-vehicle hydrogen compressors 
use this technology nowadays (39). In 2013 IBM publishes the invention of a new, silicon 
free non-volatile “atom level” memory and logic chip, based on vanadium oxides and 
ionic liquids, which consumes incredibly less energy compared to conventional silicon 
based chips (40) (41). 
 
Figure 1: History of Ionic Liquids 
 
 
                                               
1 “Biphasic Acid Scavenging utilizing Ionic Liquids” 
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What makes ionic liquids so attractive? 
Hundreds of review papers and dozens of books have been published describing the 
amazing physical and chemical properties of ionic liquids, see e.g. (42) (43) (44) (45) 
(46) (9) (47) (48) (49). The most outstanding properties of ionic liquids are the following: 
 Unusually2 low melting points (≤100 °C to -60 °C and below) (50) (51) (52) (53) 
(54) (55) (56) 
 Virtually no measurable vapor pressure at ambient temperatures3, no pollution via 
gas phase (57) (58) 
 No boiling point3 
 Nonflammable (below in general very high thermal decomposition point) 
 Excellent thermal long term stability up to 350 °C 
 Very large liquidus range4 up to 400 °C 
 Unusual solvation properties, e.g. amphiphilicity (59) 
 Nanostructural organization: Segregated cages, polar and unpolar domains (60) 
 Frequently catalytic performance or support (activating solvent, metal catalysts, 
enzymes) (61) (62) 
 Small friction coefficients, good lubrication properties (63) 
 High viscosity index (DIN 2909) and high tribological shear stability concurrently 
 Electrical conductivity (typically 100 - 10000 µS/cm at 20 °C) 
 Bactericide to bacteriostatic properties, no biofouling (64) (65) 
 Tuneable properties by structure variation of cation, anion and by changing their 
combination: Approximately 1018 possible combinations of structures5, “designer 
solvents” (66) 
 
Looking at this list of ionic liquid properties it is clear, that these substances are rather 
new materials than just another group of unusual solvents. This fact was perfectly 
brought to the point by Tom Welton, one of the leading scientists in the field of ionic 
liquids, stating that ionic liquids are “rather ‘runny solids’ than liquids” (67). These new, 
entirely ionic materials connect typical properties of liquids and solids to each other, 
which will enable numerous industrial applications and generate radical technical 
innovations (68). As we will show in the following chapter, ionic liquids are on the way to 
become a new cross section technology.  
  
                                               
2 Compared to conventional salts 
3 Except some rare cases in connection with special physicochemical mechanisms 
4 Effective liquid temperature range between freezing and thermal decomposition 
5 Compare: Conventional organic solvents only thousands of structures 
1. Introduction 5 
 
 
 
1.1 Industrial Application of Ionic Liquids 
Looking back in history of Ionic Liquids (Figure 1) the industrial application played a role 
as soon as 1934 (dissolution and chemical modification of cellulose) and the first large 
scale industrial application was implemented by Eastman Chemical Company twenty 
years ago. The unusual properties triggered the imagination and creativity of physicists, 
chemists, engineers and even medical scientists from the very beginning, to invent new 
technologies in a large number of potential application fields: 
Figure 2 on page 6 and 7 shows a mind map of ionic liquid applications which are under 
development, in a pilot stage or already commercialized (69). As can be seen, these 
applications cover a large number of diverse technical fields and even megatrends like 
mobility, health and green economy.  
 
Table 2: Implemented Ionic Liquid Applications 2016 
 
Company Process IL is ... Scale
BASF Chlorination (nucleophilic HCl) Activating Solvent Pilot
BP Aromatics alkylation Activating Solvent Pilot
IFP Olefin dimerization (Difasol process) Activating Solvent Pilot
BASF Acid Scavenging (BASIL™) Auxiliary Commercial
BASF Azeotrope cleavage Auxiliary Pilot
Chevron Philips Olefin oligomerization Catalyst Pilot
Eastman Rearrangement (epoxybutene) Catalyst Commercial
Petro China Alkylation ("Ionicylation") Catalyst Commercial
Shell JV China Alkylation Catalyst Commercial
Eli Lilly Ether cleavage Catalyst & Reagent Pilot
Proionic / Munters Open sorption air condition Dessicant Pilot
BASF Aluminum plating Electrolyte Pilot
Evonik Lithium ion batteries (Creavis) Electrolyte Pilot
Fluidic Energy Zink-Air battery Electrolyte Commercial
G24i Dye sensitized solar cell Electrolyte Commercial
G2E Dye sensitized solar cell (energy glass) Electrolyte Pilot
Novasina Gas sensor Electrolyte Commercial
Panasonic Supercapacitor Electrolyte Commercial
Pionics Lithium ion battery Electrolyte Commercial
Scionix Chromium plating Electrolyte Pilot
BASF Extractive distillation Extractant Pilot
Proionic Carbonate based IL synthesis (CBILS
®
) Intermediate Commercial
Linde (proionic) Gas compression Operating Fluid Commercial
Proionic / Mettop High temperature cooling Operating Fluid Commercial
BASF Antistatic polymers Performance Additive Commercial
Evonik Paint additive (Compatibilizer) Performance Additive Commercial
IoLiTec / Wandres Cleaning fluid Performance Additive Commercial
Klüber Lubrication Wind turbine lubrication Performance Additive Pilot
Petronas Mercury removal from natural gas Reagent Commercial
Air Products Storage of hazardous gases Solvent Commercial
Arkema Fluorination Solvent Pilot
BASF Cellulose reshaping Solvent Pilot
Central Glass Co. Coupling reaction (pharma intermediates) Solvent Commercial
Evonik Hydrosilylation Solvent Pilot
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Table 2 lists implemented ionic liquid applications based on numerous open sources (69) 
(70) (71). Figure 2 and  
Table 2 prove ionic liquids to be cross sectional over a continuously growing number of 
diverse technical fields (72). 
However, in the last decade no industrial mass application of ionic liquids appeared on 
the market so far, despite the enthusiastic expectations and the cross sectional 
applicability. How can this be explained? Answers to this question might be found by 
looking on other technologies which have already entered the mass markets: 
 
Figure 3: Number of publications and patents (non-cumulative) found in SciFinder™ database, for 
term "ionic liquids" vs. other products (“concept” search). 
Figure 3 shows the results of a SciFinder™ search6 for terms “ionic liquids”, “ionic 
liquids” limited to patents versus analogue searches for other products “molten salts” and 
“nanoparticles”. The search hits are drawn non-cumulative in their chronological order. 
The term “molten salts” shows a more or less constant and slow growth of publications 
and patents over the years and an initialization period of approx. 25 years between a 
significant increase of the number of publications and the increase of patents. The 
“compound annual growth rate” (CAGR) of patent applications between 1996 and 2016 
                                               
6 Chemical Abstracts Service SciFinder™ (http://scifinder.cas.org) is the world’s largest chemical-technical-
medical database with hundreds of millions available datasets, publications and patents. 
CAGR 30% 
(1996-2016) 
CAGR 36% 
(1996-2016) 
CAGR 9% 
(1996-2016) 
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is in the range of 9 %. Looking on the curves for “Nanoparticles” and “Ionic liquids”, a 
completely different picture can be observed: The growths show a lift-off with exponential 
annual growth rates between 30 % for “nanoparticle patents” and 36 % for “ionic liquid 
patents” and initialization periods are significantly shorter with only some years. This 
exponential curve shape depicts the fast development of a multitude of application fields 
for both technologies and is typical for the initial growth of cross section technologies. 
Compounds annual growth rates of patent applications show strong positive correlation 
with the growth of private R&D funding, venture capital and – most important – with 
market growth of the respective markets itself; they are one of the key indicators used by 
analysts in stock exchanges or by governments to forecast market trends (73) (74). This 
finding is plausible, as patents are a measure of the ability to transfer scientific results 
into applied technology, as development of applied technologies produces a high level of 
IP rights and as patents are an almost mandatory requirement for the economic 
exploitation of applied technologies. 
   
Figure 4: Number of publications and patents (non-cumulative) found in SciFinder™ database, 
using a.) search term "semiconductor" and "semiconductor patents" versus annual global 
semiconductor revenue of the top 20 companies (75) and b.) using search term "nanoparticles" 
and "nanoparticles patents" versus annual global nanoparticle revenue (76).  
Figure 4a  and 4b illustrate this strong correlation between annual growth rates of patent 
applications and global revenue on the examples of the technologies “semiconductor” 
and “nanoparticle”: The respective curves are roughly almost congruent to each other 
and show a strong correlation. The same is true for other high tech products e.g. “Teflon” 
(77) or “Laser” (78). A recent market study published by Helmut Kaiser Consultancy (79) 
expects the accessible global annual ionic liquid market to rise from 300 million US$ in 
2012 to 3.4 billion US$ in 2020, which represents a CAGR of 35 % and is very close to 
the CAGR shown in Figure 3. 
Another very recent market survey published by the renowned market growth 
perspective leader Frost & Sullivan expects the accessible ionic liquid market to rise from 
1.3 billion US$ in 2015 to 2.8 billion US$ in 2020, with a CAGR of 16.3 % (80). However, 
these very encouraging numbers are in obvious discordance to market surveys 
published by e.g. Grand View Research (81) and Markets and Markets (82), which 
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forecast the global ionic liquid market to be 62.3 million US$ in 2025 (CAGR 10%) and 
39.6 million US$ in 2021 (CAGR 9.2%).  
How can this big deviation be explained? Looking closer on the methodologies used by 
Helmut Kaiser and Frost & Sullivan, numbers are based on the accessible volume for 
existing ionic liquid technologies, estimated by 1-2 % penetration of the according global 
application markets, whereas Grand View Research and Markets and Markets use the 
actually sold global ionic liquid volume, based on data delivered by ionic liquid 
manufactures and suppliers, which correlates to a more realistic annual global volume of 
several 100 tons in 2017. Analyzing these numbers it can be stated, that the currently 
accessed ionic liquid market represents only 1-2 % of the accessible volume. This 
finding reflects the still underdeveloped commercialization strategy of ionic liquids, which 
is based on a number of commercialization barriers to be overcome in the future, 
addressed by the author in a recent opening plenary lecture at EUCHEM 2016 (83). 
However, the strong and steady growth of thousands of cross-sectional ionic liquid 
patent applications and grants indicates, that ionic liquids will pass the frontier between 
scientific results and implemented technologies, between ambitious developments and 
mass applications within the next 10 years without any doubt, resulting in the value-
creation of an annual multibillion US$ market. 
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1.2 Conventional Synthetic Routes 
A large number of diverse synthetic reactions are known in literature for preparation of 
ionic liquids or related structures, like ionic detergents, quaternary ammonium salts, 
phase transfer catalysts; Scheme 1 shows the most important synthetic routes on the 
prominent example of 1,3-dialkylimidazolium based ionic liquids: 
 
Scheme 1: Conventional ionic liquid synthetic routes on the prominent example of 1,3-di-
alkylimidazolium based ionic liquids. 
Starting material for all kinds of aprotic ionic liquids (“AILS”) based on 
1,3-dialkylimidazolium cations, is an N-alkylimidazole, which can be prepared via 
deprotonation of 1H-imidazole by e.g. sodium ethoxide, followed by alkylation with an 
alkyl- or aryl-halide RX in reaction [101] (84). Alternatively, the N-alkylimidazole ring can 
be build up directly from glyoxal, formaldehyde, ammonia and a primary amine R-NH2 in 
reaction [102], known as Radziszewski reaction (85), further developed by Weidenhagen 
(86) (87) and Arduengo (88) (89). The synthesis of protic ionic liquids (“PILS”) is 
straightforward by reacting a base – e.g. an N-alkylimidazole – with a Broensted-acid HZ 
conjugated to the desired anion Z- in an acid-base neutralization [112] (90). This simple 
acid-base preparation method for ionic liquids is the oldest known (10) (11). 
However, the ionic species formed (1-alkyl-3H-imidazolium+ Z–) are in an equilibrium with 
their neutral starting materials and the proton transfer from the Broensted-acid HZ to the 
base N-alkylimidazole is always less than 100%. MacFarlane and Seddon (91) recently 
proposed, that a protic ionic liquid containing equal or less than 1 %w of neutral species 
can be called a true ionic liquid, showing all typical properties of an ionic liquid, and that 
protic ionic liquids with more than 1 %w of neutral species have to be understood as a 
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protic ionic liquids with more than 1 %w of neutral species have to be understood as a 
mixture of an ionic liquid and neutral molecules. To provide an estimate the difference of 
the aqueous pKa values of a Broensted-acid and base ∆pKa = pKa(base) - pKa(acid) was 
investigated as a measure of proton transfer by using so-called Walden plots: For ∆pKa 
values ≥ 8 the Walden plot of the subsequently formed protic ionic liquids showed nearly 
ideal ionic behavior, indicating an almost quantitative proton transfer between acid and 
base (92) (93). 
 
The vast majority of the ionic liquids described in literature and patents are aprotic ionic 
liquids (“AILS”) (90). Their synthesis typically incorporates a quaternary intermediate, 
which is generated by the alkylation or arylation of tertiary amines, phosphines, 
secondary sulfides or pyridine, pyrazole, N-alkylimidazole, N-alkylmorpholine, 
N-alkylpyrrolidine, N-alkylpiperidine and other possible nitrogen-containing bases.  
 
Coming back to the prominent example of 1,3-dialkylimidazolium based ionic liquids 
described in Scheme 1, an N-alkylimidazole is alkylated according to reaction [103] to 
the 1,3-dialkylimidazolium salt [104]. Industrially feasible alkylation reagents are mainly 
the well-known haloalkanes, such as 1-chlorobutane, 1-chloroethane, 1-bromoethane or 
methyl-iodide and dialkylsulfates, e.g. dimethyl or diethylsulfate; therefore compound 
[104] is typically a 1,3-dialkylimidazolium halide or alkylsulfate. Although these alkylating 
agents are reactive and quickly form the desired product, they are - like all strong 
alkylating reagents - toxic, carcinogenic or potentially carcinogenic and - in the case of 
the haloalkanes - also hazardous for the atmosphere (stratospheric ozone). Compound 
[104] might be already the final product in special cases, but generally is an intermediate 
containing the desired cation but the undesired anion X–. There are several routes to 
exchange the anion X– with the desired anion Z– or to transform it to the desired anion 
according to the following procedures:  
 
If X– is a halide in compound [104], it can directly be reacted with a Lewis acidic 
metal salt e.g. MeX3 to form the complex anion MeX4–. The almost archetypical class 
of chloroaluminate based imidazolium ionic liquids were synthesized from e.g. 
1-ethyl-3-methylimidazolium chloride and aluminum-(III)-chloride according to this 
reaction to deliver 1-ethyl-3-methylimidazolium [Al(Cl)4]– (20) (21) (22) (23) (24) (25) 
(26). The first magnetic ionic liquid 1-ethyl-3-methylimidazolium [Fe(Cl)4]– was also 
obtained by reacting 1-ethyl-3-methylimidazolium chloride and iron-(III)-chloride 
accordingly (94).  
 
If X– is an alkylsulfate in compound [104], it will be a methyl- or ethylsulfate due to 
the availability of cheap dimethyl- and diethylsulfate as alkylating agent used in 
reaction [103] at industrial scale. Ionic liquids with these anions are quite cheap, are 
available at ton-scale (e.g. “Basionics™ LQ01” and “Basionics™ FS01” of BASF SE) 
and show a number of interesting properties for applications as e.g. engineering ionic 
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liquids (95) (96); however, besides the severe safety concerns in production of ionic 
liquids with extremely reactive and highly carcinogenic dimethyl- or diethylsulfate and 
the resulting need to remove any traces of these hazardous starting materials from 
the final ionic liquids down to a low ppm level, the main disadvantage is the limited 
hydrolytic stability of these anions, forming sulfuric acid and methanol or ethanol in 
reaction with water even at room temperature (97). Higher homologues of 
alkylsulfates, like e.g. octylsulfate, are more stable towards hydrolysis and show even 
better engineering properties (98). They can be produced by transesterification of 
methyl- or ethylsulfate with higher alcohols, e.g. 1-octanole, to form e.g. octylsulfate 
and methanol or ethanol, which is removed by distillation during the course of the 
reaction (see [106]). However, this procedure needs water free conditions or else the 
methyl- or ethylsulfate anions could be hydrolyzed, forming corrosive HSO4–. 
Furthermore an acid catalyst e.g. methanesulfonic acid is needed, which remains in 
the product and cannot be removed by distillation due to strong hydrogen-bond 
interactions, but the acidic conditions catalyse the hydrolysis of alkyl-sulfates in the 
presence of water. Furthermore an excess of 1.5 to 3 molar equivalents of the higher 
alcohol has to be used, since it is distilled of together with the formed methanol or 
ethanol during the transesterification (97). Neutralization of the acid catalyst and 
eventually formed HSO4– by e.g. sodium hydroxide or a tertiary amine will lead to 
significantly increased water levels in the product and to formation of slowly 
precipitating salts in the first case or to formation of a protic trialkylammonium salt 
with low thermal stability as a side product in the second case (99). 
 
Ion exchange reactions for preparation of ionic liquids: Ion exchange of X– with the 
desired anion Z– is one of the most effective methods for synthesis of a broad variety of 
ILs. Using an inorganic Z– salt (e.g. Na+Z–) the ion exchange can be performed directly 
by electrodialysis with bipolar membranes (see reaction [107]) (100). This pathway is 
limited to aqueous systems, so the intermediate [104] should preferably be a halide, 
since alkylsulfates are not fully stable against hydrolysis. The performance of the ion 
exchange is directly connected with the consumption of electrical power, high qualities 
lead to high consumptions; however, even at high electrical power the residual amount of 
the halide X– in the final product will be in the range of several 100 ppm to several 
1000 ppm, subsequently causing corrosion issues in applications. The industrial 
feasibility of reaction [107] is limited due to high energy costs and insufficient product 
quality. 
 
Another practical method according to reaction [108] is the exchange of X– against Z– 
using classical anion exchange resins from the well-known product families Amberlite®, 
Duolite®, Dowex®, Sephadex®, Lewatit® and others (101). The anion exchange resin is 
converted to its Z– form by exhaustive rinsing with an aqueous solution of an inorganic Z– 
salt (e.g. Na+Z–), the aqueous solution of the compound [104] is then passed through the 
anion exchange column to result in an aqueous solution of the desired salt 
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1,3-dialkylimidazolium Z–. However, a number of significant disadvantages have to be 
taken into account: First of all, this method is limited to aqueous systems with a possible 
admixture of about 10 % of organic solvents like methanol, acetonitrile or THF. Both, the 
intermediate [104] and the resulting product 1,3-dialkylimidazolium Z– should therefore 
be hydrophilic to be fully solvated and prevent hydrophobic interactions with the resin. 
With increasing anion size of Z–, the ability to diffuse into the ion exchanger pores will 
decrease and the efficiency of the resin will consequently be lost. Using the more 
expensive macro porous resins could compensate this lost up to a certain degree. 
However, the most significant restrictions of reaction [108] from an industrial perspective 
are due to a) limited operational capacity of ion exchange resins, which is in the range of 
0.5 – 0.75 molar equivalent per liter of wet resin (101), b) the need for large volumes of 
dilute rinsing solutions, containing at least one molar equivalent of waste (e.g. Na+Z–) 
and c) the quite high price for the ion exchanger resin. 
 
Silver halides are known to be very insoluble in aqueous solution; if compound [104] is a 
1,3-dialkylimidazolium halide salt, it therefore can be reacted with Ag+Z– to yield insoluble 
Ag+X– precipitate and the desired imidazolium Z– salt according to reaction [109]. This 
form of metathesis reaction works with hydrophilic or even strongly coordinating anions 
Z– (e.g. acetate, lactate, hydroxide) and it is known for many decades (9). Nevertheless, 
it is applicable only if the solubility of Ag+X– is at least three orders of magnitude lower 
than that of Ag+Z– to reach an acceptable chemical equilibrium and if the precipitate 
Ag+X– is crystalline and can be filtered of with tolerable efforts. The resulting IL 
unavoidably will contain traces of silver, which is not acceptable for certain applications, 
using e.g. transition metal catalysts, enzymes or living cell cultures. Beside this problem, 
the high price for silver salts is limiting the potential application of this synthetic route to 
only a few niche products from an industrial point of view. 
 
Another variation of anion exchange is the reaction of the ionic intermediate [104] with a 
Broensted acid HZ according to [110]. In this case, the acid HZ has to be stronger than 
the acid HX, which is generated from compound [104] by protonation of the anion. To 
reach a satisfying equilibrium of ≥ 99 %, ∆pKa = pKa(HX) - pKa(HZ) should be ≥ 2. For 
industrial applicability the anions of [104] will be halides or alkylsulfates, as described 
earlier. The pKa values of the conjugated acids in aqueous solution are -7 (HCl), -9 
(HBr), -10 (HI) and -10 (MeSO4H and EtSO4H) (102). It is obvious, that this kind of anion 
exchange is only applicable in rare cases, e.g. treating a chloride intermediate of 
compound [104] with hydrogen iodide or HClO4 (pKa = -10) to obtain iodide or 
perchlorate salts. Even in this cases it is difficult to remove the liberated HCl by 
evaporation, since ionic liquids are known to form strong hydrogen bonds to the protic 
hydrogen atoms, which even can result in new anion species comprised out of two or 
more anions sharing one or more hydrogen atoms (“oligomeric anions”, see 3.4.5, page 
257 and (103)). 
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One of the most important methods in synthesis of ionic liquids is anion exchange using 
inorganic salts and dry organic solvents, known as metathesis reaction (9). In the case 
of intermediate [104] a simple inorganic sodium, potassium or ammonium salt (e.g. 
Na+Z–) is added in a stoichiometric or super-stoichiometric7 amount together with a dry 
organic solvent, e.g. acetone, acetonitrile or dichloromethane according to the reaction 
[111]. Typically the desired ionic liquid 1,3-dialkylimidazolium Z– will be soluble in the dry 
solvent, whereas the formed inorganic salt (e.g. Na+X–) precipitates out and can be 
filtered of. In some rare cases the reaction mixture can be homogenous in aqueous 
solution and the resulting ionic liquid can be extracted using a hydrophobic organic 
solvent, e.g. reaction of 1-butyl-3-methylimidazolium chloride with NaBF4 in aqueous 
solution followed by extraction of the formed 1-butyl-3-methylimidazolium 
tetrafluoroborate with dichloromethane and concentration in vacuo (104). However, even 
if the metathesis reaction is one of the most frequently described ion exchange 
procedure for ionic liquid synthesis in the literature, it does have a number of serious 
drawbacks especially from an industrial point of view. This procedure needs extensive 
drying of all reaction participants: The organic solvent, the frequently hygroscopic 
inorganic salt as well as the usually hygroscopic ionic liquid intermediate [104] need to 
be at a low ppm level of water. If the organic solvent is not dry enough, the solubility of 
the formed inorganic salt (e.g. Na+X–) will be too high, resulting in an incomplete 
precipitation; in this case the level of corrosive halide or hydrolytically instable 
alkylsulfate delivered from [104] will exceed several 1000 – 10000 ppm. The filtration of 
the precipitate can also cause a lot of efforts; precipitation might by very slow, moreover, 
very fine or even jelly precipitates are often formed and plug filters. In many cases the 
metathesis reaction takes days or even weeks to be completed, especially if the reaction 
mixture contains the desirable low water content. The resulting ionic liquid can still 
contain a lot of Na+X–, which stays in solution or continues to precipitate even after a 
long time or when temperature decreases. Another problem is, that this method only 
works for certain combinations of intermediate [104] with the inorganic salt containing the 
desired anion Z–: The reaction product e.g. Na+X– has to be less soluble by at least a few 
orders of magnitude than the starting material Na+Z– and the anion Z– has to possess a 
higher affinity to the ionic liquids cation than X–, in order to establish a sufficient driving 
force for the ion exchange reaction according to our practical experiences. 
Finally, the conventional ionic liquid production methods according to reactions from 
[106] to [111] have two additional and serious weaknesses in common: These reactions 
produce one molar equivalent of side products being waste, and yields of these 
reactions are thermodynamically limited by the finite position of the chemical 
equilibrium.  
                                               
7 In this case the added inorganic salt (Na+Z–) must be soluble enough in the dry organic solvent to shift the 
equilibrium to the product site in the following ion exchange reaction, but the excess amount to be insoluble 
enough in the formed ionic liquid. 
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1.3 Advanced Synthetic Routes 
Any industrial synthetic route, which could be called “advanced”, should overcome the 
drawbacks mentioned in chapter 1.2 “Conventional Synthetic Routes” and it has to be 
economic, fast, safe, sustainable as well as harmless to the environment.  
 
Scheme 2: One step synthesis of 1,3-dialkylimidazolium ionic liquids from the platform chemicals 
formaldehyde, alkylamine, glyoxal and Broensted acid. 
Scheme 2 shows a variation of the “Radziszewski reaction” (85) according to chemical 
reaction [113] given in Scheme 1: This route was patented by Arduengo in 1991 (88) and 
by Ren and Koch in 2004 (105); it works in aqueous solution under cooling, the added 
Broensted-acid should have a pKa value of 6 or less, preferably of 4 or less. This 
reaction starts from cheap, readily available platform chemicals with manageable toxicity, 
it is free of corrosive halides or hydrolytically instable intermediates, it is fast and 
produces no waste in theory. This reaction has been used already in the German 
industry at ton scale (106), and it has been proposed for a continuous microreactor 
process by Stark et al. (107). The reaction is limited to symmetrically substituted 
1,3-dialkylimidazolium Z– salts (using two different primary amines would lead to a 
mixture of statistically distributed symmetric and asymmetric substituted cations) and the 
accessible quality at industrial scale is lower compared to conventional methods due to 
side reactions. Reaction [113] is an interesting advanced method for a limited number of 
ionic liquids, but fails to be a general method. 
Another promising reaction is the simple neutralization of ionic liquid hydroxides 
(Scheme 3). Having an ionic liquid hydroxide in hand, it can be easily reacted with 
almost any Broensted-acid HZ to form an ionic liquid with the desired anion Z– and water. 
Suitable Broensted-acids include - besides thousands of inorganic or organic standard 
compounds -  amino acids, ammonium Z– salts (forming ammonia and water) and C-H 
acid compounds like acetylacetone or malonic acid esters as well (108). 
 
Scheme 3: Formation of ionic liquids by neutralization of hydroxides 
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Quaternary ammonium, phosphonium or imidazolium hydroxides can easily be 
synthesized by metathesis reaction, ion exchange or by a bipolar membrane electro-
dialysis. Unfortunately, all these reactions show the same disadvantages, as it was 
already described in the previous chapter. It should be also mentioned, that the 
1,3-dialkylimidazolium hydroxides are stable in aqueous solutions only at a concentration 
of ~20 %w or less at ambient conditions (109). Quaternary ammonium and phosphonium 
hydroxides are more stable but frequently need to be in diluted solution as well. 
Therefore, one of the main cost drivers is the removal of large amounts of water after the 
ionic liquid synthesis, resulting in final production costs of € 100 - € 200 per kg, even in a 
technical scale (110). 
In contrast to ionic liquid hydroxides, which are only available by ion exchange reactions 
starting from an ionic intermediates, alkylcarbonates can be synthesized by a one-step 
reaction, using simple N-nucleophiles and carbonic acid dialkylesters: 
 
Scheme 4: Alkylation of 1-alkylimidazole with dimethylcarbonate, followed by the hydrolysis of the 
formed methylcarbonate by adding a Broensted acid HZ. 
Scheme 4 shows the methylation of an 1-alkylimidazole with dimethylcarbonate followed 
by the hydrolysis of the formed 1-alkyl-3-methylimidazolium methylcarbonate by the 
addition of a Broensted-acid HZ to form the desired 1-alkyl-3-methylimidazolium Z– salt. 
Carbonate anions are significantly less basic and nucleophile in comparison to 
hydroxides. Following, they could be a very good alternative to the hydroxides, opening a 
new promising and apparently entirely halide free route for ILs synthesis. This type of 
reaction was already described by Mori et al. in the U.S. patent 4,892,944 in 1990 (111), 
but the formation of large amounts of byproducts and dark brown reaction mixtures was 
not described.  
According to our studies, the byproducts are caused by few side reactions: 
Condensation reactions of the nucleophile starting materials, Hofmann elimination type 
reactions, ring opening reactions etc. (see Scheme 7). It turned out, that under 
experimental conditions suggested by Mori et al. (111), the main part of the side reaction 
products belongs to the carboxylates, with their total amount of 10-30 %w. Scheme 5 
shows on the example of 1-ethylimidazole the methylation with dimethylcarbonate 
according to the reaction [116], forming the intermediate 1-ethyl-3-methylimidazolium 
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methylcarbonate [117], which can be reacted with a Broensted acid HZ to the desired 
ionic liquid [125]. The side reaction [118] leads to a 2-carboxylate derivative of the cation 
[119] via a carbene intermediate (112) (details see Scheme 8). These 
1,3-dialkylmethylimidazolium-2-carboxylates can be used as halide free ionic liquid 
precursors and they can further react with a Broensted acid HZ to form the desired ionic 
liquids (113), but unfortunately this decarboxylation-protonation reaction is very slow: 
 
 
Scheme 5: Formation of by-products on alkylation with dimethylcarbonate 
For a feasible technical production process it will be substantial, to add exactly 1,000 
equivalent of the particular Broensted acid HZ to the ionic liquid precursor, and every 
under- or overdosing will result in a contaminated end product, containing pH-active, 
potentially corrosive residuals. Even volatile acids like e.g. acetic acid are known to form 
strong hydrogen bond complexes with the prepared ionic liquid and any excess cannot 
be removed by evaporative techniques (see 3.4.5, page 257 and (103)). Stepwise dosing 
of the acid and measuring the end point therefore is mandatory. A process design like 
this can only be controlled, when the acid-base reaction is very quick and quantitative 
conversion is guaranteed, like in a typical acid-base titration. Reaction [122] does not 
fulfill these requirements because it is much too slow. Beside these disadvantages, two 
other carboxylates [123] are formed in significant amounts following the protocol by Mori 
et al. (111), which cannot be removed from the final product at all. It is quite apparent, 
that the reaction conditions suggested by Mori et al. (Scheme 4) are not able to fulfill 
selectivity requirements for an industrial process, but they were a good starting point for 
further development of these type of the halide free ionic liquid synthesis. 
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2 Objectives 
For  a number of obvious reasons described in chapter 1, it is clear that the application of 
ionic liquids sooner or later will develop up to a high volume magnitude, with a global 
consumption of some 10.000 tons a year or even much more. To serve such an 
industrial market with high and consistent quality and cost effective, compliant ionic liquid 
operating formulations, there is a need to develop new synthetic strategies. These 
strategies should cover a broad field of ionic liquid structures and overcome the major 
drawbacks of conventional technical ionic liquid synthesis as described in chapter 
1, among others: 
a. Use of toxic and carcinogenic alkylating agents, e.g. haloalkanes or 
dialkylsulfates (large effort to control residues in the final product).  
b. High concentration of halides in the final product causing severe corrosion 
problems (large effort to remove these halides). 
c. Production of one molar equivalent of waste. 
d. Use of large amounts of organic solvents in the broadly used metathesis ion 
exchange reaction; need to careful drying of solvents and all starting materials, 
causing large energy consumption. 
e. Lack of efficiency in metathesis ion exchange reaction with highly polar, 
coordinating anions, e.g. carboxylates. 
f. Lack of efficiency in resin based ion exchange reactions with poorly water soluble 
compounds.  
g. Costs of and incompatibility with ion exchange resins; poor space-time yield due 
to limited specific capacity of ion exchange resins. 
h. Frequently poor thermodynamical equilibrium of ion exchange reactions. 
 
The synthetic approach of quaternising nitrogen or phosphor nucleophiles using non-
hazardous dialkylesters of carbonic acid and treatment of the formed quaternary alkyl 
carbonates with a Broensted acid conjugated to the desired anion as described in 
chapter 1.3 “Advanced Synthetic Routes” has the capability to overcome most of the 
drawbacks inherent to conventional reactions listed above. This entirely halogen free 
synthetic route has the potential to become a key technology for industrial ionic liquid 
synthesis. The approach after Mori et al. (111) suffers from the formation of large 
amounts of by- and degradation products, which can’t be removed economically on 
industrial scale or can’t be removed at all. Moreover, the formation of one molar 
equivalent of carbon dioxide gas and an alcohol being waste makes this approach not 
attractive for the industrial application. It was the objective of this work, to develop 
the alkylcarbonate based quaternisation reaction - supported by quantum 
chemical studies - up to an industrially feasible process, scale up this process to a 
multi 100 kg scale, apply ionic liquid formulations in technical pilot experiments 
and to test their operability under industrial conditions. 
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In particular the present work focused on 
 
 experimental screening and selection of potential nucleophiles,  
 analysis of the selected precursors and development of a quantum-
chemical procedure for efficient selection of precursors for the synthesis 
reactions, 
 elaboration of the experimental conditions, 
 optimization of experimental conditions by using thermodynamic 
computations,  
 laboratory testing of experimental procedures, identification and reduction 
of by- and degradation products to a level of < 1 m%, 
 increase of space-time yield, 
 development of a recycling strategy for utilization of the formed alcohol 
and the carbon dioxide gas, 
 development of a safe, stable and industrially storable form of the 
quaternary carbonates, 
 synthesis of ionic liquids by reaction of the quaternary carbonates with 
Broensted acids and screening of diverse potential Broensted acids, 
 and application of ionic liquids produced by this carbonate route in 
technical pilot experiments as proof for their quality and operability. 
 
As a guideline for the development of the synthetic carbonate route the Twelve 
Principles of Green Chemistry (114) have been used. 
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3 Results 
3.1 Carbonate Based Ionic Liquid Synthesis (CBILS®) 
As stated in the prior chapters, the synthesis via quaternary carbonate intermediates 
would be a very promising route for an industrial production of ionic liquids. It was not yet 
realized due to insufficient selectivity leading to a high content of by-products. Thus, in 
the focus of this study was the experimental and theoretical work for the improvement of 
the alkylcarbonate based ionic liquid synthesis and scaling up of the optimal process 
towards industrial application. Results of these efforts have been reported in four granted 
patents and have been published in two papers, as described in the following: 
 
Scheme 6: Carbonate Based Ionic Liquid Synthesis (CBILS®) Route 
3.1.1 General aspects of the CBILS®-synthesis route 
Scheme 6 gives an overview over the complete CBILS®-Synthesis8 route as described in 
the patents WO2005021484, WO2008052861, WO2008052863 and WO2008052860 
(see Chapters 3.4.1, 3.4.2, 3.4.3 and 3.4.4): The starting material 1H-imidazole [301] is 
alkylated in reaction [302] at elevated temperatures of 100 °C to 150 °C by a carbonic 
acid dialkylester R2CO3 to form an 1-alkylimidazole [304], which is the starting material of 
                                               
8 CBILS® is a registered trademark of proionic GmbH 
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the following quaternisation reaction [305]. This type of alkylation can be considered as a 
greener alternative to classical alkylation reactions which are using toxic or carcinogenic 
reagents, see e.g. reactions (115), (116) and (117). Moreover, the whole CBILS®-Route 
is free of corrosive halogen-compounds or halides right from the start. The formed 
byproducts CO2 and the alcohol ROH can in principal be recycled back to the carbonic 
acid dialkylester R2CO3 [303] by adding one molar equivalent of additional alcohol ROH 
and following catalytic, liquid phase or gas phase reactions, see e.g. (118), (119) (120) 
and (121). However, these possible reaction pathways are only described in literature, 
but are not scaled up to an industrial level yet and proof of high-volume technical and 
economic feasibility is still missing; but just very recently the Austrian Institute of 
Technology announced a breakthrough in direct carboxylation of methanol to 
dimethylcarbonate and is just about to demonstrate this technology in a pilot project 
(122). This is a promising approach to realize the overall reaction sequence [302]-[303] 
being free of waste. Compound [304] is now acting as nucleophile in the quaternisation-
hydrolysis reaction sequence [305], which is a crucial improvement in this work 
presented in the following: 
1-alkylimidazole [304] is reacted under inert gas atmosphere with the carbonic acid 
dialkylester R’2CO3 in the corresponding alcohol R’OH used as solvent at typical 
temperatures between 100 °C and 150 °C. The reaction is performed in an autoclave 
under optional use of a Lewis-acid catalyst in this first reaction step in order to obtain the 
desired 1,3-dialkylimidazolium alkylcarbonate [306a]. The by-product 1,3-dialkyl-
imidazolium-2-carboxylate formed at typical concentrations of 2 mol percent, is removed 
in an one pot hydrolytic work up at 80 °C (see Scheme 6). This second reaction step 
converts the 2-carboxylate into the corresponding 1,3-dialkylimidazolium 
hydrogencarbonate [306b]. The resulting reaction mixture consists of [306a] and [306b] 
in a typical molar ratio of 98 : 2. Small amounts (≤ 0,1 mol %) of two other side-products 
1,3-dialkylimidazolium-4-carboxylate [317] and 1,3-dialkylimidazolium-5-carboxylate 
[316] have been unavoidable in this reaction conditions. It has turned out that they 
cannot be converted or removed from the reaction mixture under economically 
conditions. However, such small amounts of byproducts are generally acceptable for the 
vast majority of industrial ionic liquid applications. The reaction mixture, consisting of the 
1,3-dialkylimidazolium alkylcarbonate [306a] and 1,3-dialkylimidazolium hydrogen-
carbonate [306b], now exists in a well-defined and superior quality and is ready to use 
for the transformation into any desired ionic liquid of the general formula [309]. This 
reaction mixture was named “cation module” in the patent WO2005021484 (see 
Chapters 3.4.1) since it is bearing the cation of the ionic liquid intended to be produced. 
This mixture is stable for years under ambient conditions and therefore can be stored 
unlimited, a crucial requirement for an industrial production process. In the next step this 
cation module [306a]/[306b] is reacted with an anion module to form the final ionic liquid 
[309]. There are two options for the anion module: The first anion module contains the 
anion Z– in form of the conjugated Broensted acid HZ, which hydrolyses the 
alkylcarbonate / hydrogencarbonate anion in the well-known reaction [307] under 
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evolution of CO2, alcohol R’OH and water. The second possible anion module contains 
the anion Z– in form of the ammonium salt NH4+Z–. This option may be favorable if there 
is no stable or no commercially available Broensted acid HZ, e.g. in case of the 
thiocyanate (SCN–) anion. The ammonium cation acts as weak Broensted acid and in a 
well-known reaction [308] a mixture of gaseous CO2 and NH3 is formed beside the 
alcohol R’OH. Both reactions [307] and [308] are driven by the evolution of gaseous 
products CO2 or CO2 and NH3, and according to the Le Chatelier's principle the 
thermodynamic equilibrium is shifted to the right side of the reaction up to the 
quantitative completion of the reaction and 100% conversion. It should be also noted that 
the reaction [307] is very fast and it can be performed like a titration, which is mandatory 
to hit the stoichiometric end point accurately. After this the desired ionic liquid [309] can 
be obtained by removal of the alcohol R’OH, which acted as solvent and was also 
formed during hydrolysis of the alkylcarbonate anion in reaction [305]. The removed 
alcohol R’OH and the evolved CO2 can be recycled back to the carbonic acid dialkylester 
R’2CO3 by catalytic (liquid or gas phase) reactions [310], as already described above for 
the analogue reaction [303]. The reaction sequence [307]/[310] is theoretically free from 
the wastes. Reaction [308] forms ammonium hydrogencarbonate which can be trapped 
by a simple aqueous washing process. In many cases ammonium hydrogencarbonate 
can be used as a starting material to recycle it to the starting material NH4+Z– and CO2, 
which can be also recovered to R’2CO3 after addition of 2 mol equivalents of R’OH as 
described in [303]. In this case the reaction sequence [308]/[310] is also theoretically free 
of wastes. 
 
CBILS® Process Details 
 
 
Scheme 7: Side reactions of the CBILS®-Process 
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The crucial role of the solvent (see Scheme 7 shows a summary of side reactions of the 
CBILS® process, which are all driven by the nucleophilicity - respectively basicity – of the 
alkylcarbonate anion. On the example of 1-ethylimidazole [311] the corresponding 
1-ethyl-3-methyl-imidazolium-methylcarbonate [313] is formed by methylation reaction 
[312]. The compound [313] is the desired product for the synthesis of the final ionic liquid 
by reaction with Broensted acids or with ammonium salts as described above. The 
basicity of the methylcarbonate anion is the origin of a number of undesired side 
reactions: The main side reaction is the carboxylation of the imidazolium ring, which is 
driven by the abstraction of protic hydrogen atoms at the 2, 4 and 5 position and 
formation of according carbene intermediates. Due to a better stabilization of the formed 
negative charge by the two neighboring nitrogen atoms, the main intermediate formed in 
reaction [331] is the 1-ethyl-3-methylimidazolium-2-yliden [332] as shown in Scheme 8. 
The methylcarbonate anion turns into the mono methylester of carbonic acid [333], which 
is instable and decomposes immediately into methanol and CO2 according to reaction 
[334]. This decomposition process is irreversible and most likely the driving force of the 
formation of the carboxylates (123), (124), (125). 
 
 
Scheme 8: Formation of 1-ethyl-3-methylimidazolium-2-carboxylate  
The CO2 is attacked by the ylidene [332] in the nucleophilic addition reaction [334] and 
forms the final side product 1-ethyl-3-methylimidazolium-2-carboxylate [314]. The 
4-carboxylate [316] and 5-carboxylate [315] are formed by analogues reaction paths in a 
minor concentration due to the weaker acidity of the H(4) and H(5) hydrogens of the 
imidazolium ring. 
Other side reactions induced by the basicity of the methylcarbonate anion (126) (127) 
are a Hofmann-elimination type reaction [322], leading to 1-methylimidazol and gaseous 
ethene [323], the transalkylation of the ring [324], leading to 1,3-dimethylimidazolium and 
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1,3-diethylimidazolium alkylcarbonates [325] and [326], and ring opening [328] in 
analogy to the reaction with acetate anions published by Nyulaszi et al (128). Only traces 
of 1H-imidazole and ethylmethylcarbonate could be detected by HPLC and  headspace 
GC/MS and reaction [329] is supposed to be the origin. In this reaction the formed 
imidazolate-anion [330] is in competition to the methylcarbonate anion in terms of 
nucleophilicity. The equilibrium of [329] will most likely be on the side of the 
1-ethylimidazole because of the high nucleophilicity of the imidazolate, compared to the 
methylcarbonate anion and due to imidazolate likely being a worse leaving group 
compared to methylcarbonate. If reaction [312] was performed at typical reaction 
temperatures of e.g. 120 °C without an alcohol as solvent but with an excess of 
dimethylcarbonate being reagent and solvent according to [312a], then the main 
products formed are 1-ethyl-3-methylimidazolium-2-carboxylate [315] and minor amounts 
of the corresponding 4- and 5-carboxylate [316] and [317] (see Scheme 9). Starting from 
compound [313], reaction [312] in Scheme 9 can also undergo a reverse Menshutkin 
reaction forming the starting materials, especially when strongly exceeding temperatures 
of 120 °C. This type of reaction is similar to the reverse Menshutkin reaction of 1-ethyl-3-
methylimidazolium acetate published in literature (127). 
 
Scheme 9: Formation of 1-Ethyl-3-methylimidazolium-carboxylates in a solvent free system 
From the very beginning of the development of the CBILS® reaction route it was clear, 
that the suppression of formation of any byproducts, especially of the carboxylates, 
would be superior over separation of byproducts and of crucial interest, in order to get 
industrially acceptable results. It was rather clear as well, that all side reactions 
described above are driven by the basicity / nucleophilicity of the formed 
methylcarbonate anion. The decrease of this basicity was identified to be the key for the 
industrial production of high quality ionic liquids. The most promising way to lower the 
basicity of the methylcarbonate anion was the use of a solvent, which does not react with 
the starting materials and which interacts with the negative charge: A feasible solvent 
would hinder the chemical attack onto the cation via a) forming a sterically hindering 
solvent shell and b) by electronic interaction with the negative charge, e.g. by hydrogen 
bonds and dipol-dipol interactions, retracting charge from the anion to the solvent 
molecules and therefore lowering charge density of the anion. Before trying out a large 
number of potential solvents, computations where done to select the promising 
candidates. 
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Table 3: Enthalpy of Formation and Gibbs Energy of Methylcarbonate anion at 298.15 K 
Solvent 
 mf H  
[kJmol-1] 
 mG  
[kJmol-1] 
 mG  
[kJmol-1] 
solv
G  
[kJmol-1] 
gas phase,  
G3 method 
gas phase,  
G3 method 
in solvent 
MP2 
MP2 
Methanol 
-678.06 -767.82 
-521.26 -246.56 
Acetonitrile -533.52 -234.30 
Diethylether -582,47 -185.35 
Dimethylsulfoxide -525.44 -242.38 
N,N-Dimethylformamide -511.68 -256.14 
 
Table 3 shows some results of these calculations using an ab initio Gaussian-3 method 
in combination with a second-order Moller-Plesset perturbation theory and demonstrates 
the results as the difference between Gibbs energies in the gas and in the solvent phase 
(for details see chapter 4.1.2 “Solvation computations”). Comparison of the values for the 
solvation Gibbs energies 
solv
G at 298.15 K given in Table 3 shows, that methanol and 
N,N-dimethylformamide seem to be the most promising solvents to stabilize the 
methylcarbonate anion. Results of the quantum-chemical calculations have been 
validated in a series of experiments with different solvents (see Table 4). In a typical 
experiment 1-ethylimidazole, 1.2 mole equivalent of dimethylcarbonate and 33 %w 
solvent9 were mixed and reacted at 120 °C for 72h in a pressurized autoclave under 
argon atmosphere10. After that the reaction mixture was analyzed by means of reversed 
phase HPLC, using a SIELC PrimesepTM 200 column carrying weak acidic ion pairing 
groups, 0.022w% aqueous trifluoroacetic acid : acetonitrile = 60:40 as eluent and UV-
detection at = 210 nm to give the following results: 
 
Table 4: Synthesis of 1-ethyl-3-methylimidazolium-methylcarbonate (EMIM-MC) in diverse 
solvents, HPLC results in % rel. area, color of the reaction mixture. 
 
Solvent 
EMIM-
MC 
1-Ethyl-
imidazole 
EMIM-
Carboxylates 
Others Color 
Methanol 78.5 % 6.7 % 14.8 % < 0.01 % almost colorless 
Acetonitrile 42.7 % 9.4 % 47.9 % < 0.01 % deep brown 
Diethylether 41.9 % 6.3 % 50.4 % 1.45 % deep brown 
DMSO 32.6 % 2.3 % 65.0 % < 0.01 % deep brown 
Dimethylcarbonate 52.5 % 5.6 % 41.9 % < 0.01 % brown 
Dimethylformamide 19.3 % 2.1 % 78.6 % < 0.01 % light brown 
                                               
9 Weight % of the total reaction mixture 
10 The untypical reaction time was chosen to be in a dynamic window of the reaction, where starting 
materials are not consumed up completely. The untypical portion of solvent was chosen to be small, to keep 
the side reactions on a rather high level and make the differences between the solvents clearly observable.  
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As can be seen in Table 4, the formation of undesired 
carboxylates has decreased with increasing 
stabilization of the formed methylcarbonate anion, as it 
has been predicted by the calculation. Hydrogen 
bonding between the very polar methylcarbonate anion 
and the solvent is the strongest available interaction, 
which is reflected by methanol being the most effective 
solvent. Since methanol has the advantage to react – if 
at all - with the alkylating agent dimethylcarbonate in a 
transesterification reaction, forming again dimethyl-
carbonate and methanol, it is apparently the perfect 
solvent to stabilize the reaction system. In addition, it 
has turned out that methanol is able to increase the reaction rates, as expected for a 
polar solvent, a SN2 type reaction (129) and the lowest Gibbs energy of the product. 
 
Solvent properties are usually correlated by empirical polarity models based on 
solvatochromic shifts, for example the Kamlet-Taft parameters π* (dipolarity / 
polarizability), α (hydrogen-bonding donor ability) and β (hydrogen-bonding acceptor 
ability) help to compare different solvents successfully (130) (131). 
Table 5: Kamlet-Taft parameters of selected solvents (129) (130) (131) (132) (133) 
Solvent    -
Methanol 0.96 0.68 0.59 0.28 
Acetonitrile 0.19 0.40 0.75 -0.21 
Diethylether 0.00 0.40 0.45 -0.40 
Dimethylsulfoxide 0.00 0.76 1.00 -0.76 
N,N-Dimethylformamide 0.00 0.69 0.88 -0.69 
Dimethylcarbonate 0.00 0.40 0.45 -0.40 
 
 
Table 5 shows the Kamlet-Taft parameters for the same solvents as listed in Table 4. To 
stabilize the non protic, basic methylcarbonate anion, high values for α (hydrogen-
bonding donor ability) should be preferable or more precisely, high values of the net 
available hydrogen-bonding donor ability α-β. This is only the case for the solvent 
methanol with α-β = 0.28. From Kamlet-Taft solvent parameters scale methanol is 
apparently the most preferable solvent, in agreement with our theoretical results (see 
Table 3 ) and experimental results given in Table 4. As a consequence it was apparent, 
that methanol (or alcohols in general) will be the best choice in order to produce high 
quality alkylcarbonate based ionic liquids at industrial scale.  
 
Scheme 10: Hydrogen bond 
stabilization of methylcarbonate 
anion by methanol molecules 
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Based on these findings the patent WO2008052861 “Method for Producing 
1,3-Heteroaromatic Carbonates Devoid of 4-Carboxylate“ (see 3.4.2, page 103), was 
applied, which in contrast to the method reported by Mori et al. (111) claims to reduce or 
even prevent the formation of 4- and 5-carboxylates in 1,3-dialkylimidazolium 
methylcarbonates and analogue heterocyclic methylcarbonates by adding 5 to 25 %w of 
protic or polar solvents or blends of them to the reaction mixture. The corresponding 
2-carboxylates are being prevented as well, but they can be removed by another, even 
more effective method developed by the author, as presented in the following chapter. 
 
3.1.2 Removal of 2-carboxylate byproducts by hydrolysis 
 
Scheme 11: Hydrolysis of EMIM-2-carboxylate 
 
As it has been already discussed on the example of the synthesis of 1-ethyl-3-
methylimidazolium methylcarbonate [313] the main side product is 1-ethyl-3-
methylimidazolium-2-carboxylate [315]; small amounts of 4- and 5-carboxylates are 
formed as well. It has turned out that the 2-carboxylate can be removed easily by just 
adding water to the reaction mixture and heating it up to some 80 °C – 100 °C for a few 
hours. During this step the 2-carboxylate undergoes hydrolysis with formation of 1-ethyl-
3-methylimidazolium hydrogencarbonate. Scheme 11 shows a possible reaction 
mechanism: 1-ethyl-3-methylimidazolium-2-carboxylate [315] is thermally decarboxylated 
in a first reaction step [336] to form the corresponding 1-ethyl-3-methylimidazolium-2-
yliden [332]. The next step is the equilibrium reaction [337]: The electron rich yliden [332] 
attacks a water molecule to subtract a proton, forming the 1-ethyl-3-methylimidazolium 
hydroxide [338], which immediately reacts with CO2 in reaction [339] to form the 
hydrogencarbonate [321]. The basicity of the hydrogencarbonate is not sufficient to 
attack the hydrogen atom at the position 2 via reaction [340], therefore the reaction [339] 
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is not an equilibrium reaction and becomes the driving force of the whole reaction 
sequence given in the Scheme 11. As already described (Scheme 6), the molar mixture 
of EMIM-methylcarbonate and EMIM-hydrogencarbonate formed in the ratio 98:2 is 
suitable for a subsequent synthesis of ionic liquids at industrial scale. The corresponding 
4- and 5-carboxylate (see [316] and [317] Scheme 7) cannot be decarboxylated under 
these reaction conditions (see [320]). In order to remove 4- and 5-carboxylate very harsh 
treatment of the reaction mixture is required (e.g. DMSO as solvent and temperatures 
above 150 °C ) (134). These harsh conditions reflect the lower stabilization of the formed 
negative charge - respectively carbene -  by only one neighboring, electronegative 
nitrogen atom: More thermal energy is needed to decarboxylate the 4- and 5-
carboxylates. As to be expected, these conditions are delivering a dark brown product, 
highly contaminated with decomposition products, which is not acceptable for a technical 
production of ionic liquids. The only feasible way is to prevent the formation of 4- and 5-
carboxylate by using methanol or alcohols in general as solvents, as already described 
above. 
The described one pot hydrolytic workup was new and inventory; the patent 
WO2008052863 “Method for Reacting 1,3-Heteroaromatic 2-Carboxylates with Water” 
was applied and granted in the EU (see chapter 3.4.3, page 147). 
 
3.1.3 Lewis catalysis 
To produce quaternary alkylcarbonates according to the CBILS®-route, typical reaction 
conditions include temperatures of approx. 100 °C to 150 °C and reactor pressures of 5 
to 15 bar. However, even under these not mild conditions, the reaction rates are 
generally quite slow and frequently some days are needed to complete a methylation 
with dimethylcarbonate. The ethylation with diethylcarbonate unexpectedly turned out to 
be even slower than methylation. For this reasons a number of Lewis-Acid catalysts 
were investigated: 
 
Scheme 12: Lewis acid catalysis on the example of Lithium 
Scheme 12 shows a proposed general mechanism for a SN2 reaction between a 
nucleophile Nu and a dialkylcarbonate R2CO3 (135). The nucleophile Nu might be e.g. a 
tertiary amine or phosphine or an 1-alkylimidazole; it attacks the R-group and a five 
membered transition state is formed. In this transition state the separation of the formed 
negative and positive charge has to take place, leading to the quaternary cation and the 
leaving group forming the anion. Applying a Lewis-Acid catalyst would result in three 
possible and concurring coordinative interactions: First an interaction with the protic 
3. Results 30 
 
 
 
solvent, e.g. methanol, second with the nucleophile and third the desired interaction with 
the alkylating agent dialkylcarbonate respectively the transition state itself.  
According to the HSAB11 concept a lithium cation is a hard Lewis-Acid due to a high 
charge density. The nitrogen or phosphor containing nucleophile is known to be a soft 
Lewis-Base, in contrast to the oxygen atoms in the protic solvent and in the 
dialkylcarbonate, respectively the transition state and the alkylcarbonate leaving group. 
Taking this into account, there was a chance for the Lewis-Acid catalyst not to coordinate 
preferably with the nucleophile but with the electrophile.  
In cooperation with BASF SE12 a large number of different Lewis-Acid catalyst have been 
screened at different concentrations for reaction [312] with methanol13 as solvent at 
90 °C, among them e.g. Sm2O3, Sm(CF3SO3)3, ZnCl2, Zn(CH3CO2)2, ZnI, CuCl2, 
Cu(CH3CO2)2, CuSCN, CuCO3, CuI, SnCl2, Sn(CH3CO2)2, FeCl3, Fe(CH3CO2)2, AlCl3, 
Al2(SO4)3, Ti((CH3)2CHO)4, LiCl, TMEDA/LiCl, Spartein/LiCl and a number of 
alumosilicates and molecular sieves, e.g. aluminumsilicate P820A. Unfortunately, most 
of the tested catalysts demonstrated insufficient catalytic effect. Nevertheless, a few 
catalysts given in Table 6 showed promising activity (results measured by means of 
HPLC as described earlier):  
 
Scheme 13: Reaction Kinetics of EMIM-Methylcarbonate Formation under Lewis-Acid Catalysis 
 
                                               
11 Hard and soft acids and bases, (146) 
12 With friendly permission by BASF SE 
13 Reaction batch: 10g 1-ethylimidazole, 10g dimethylcarbonate, 10g methanol, 0.5g catalyst 
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Table 6: CBILS®-reaction of 1-Ethylimidazole with different Lewis-Acid catalysts at 90 °C after 10, 
22 and 29 hours. 
Catalyst c [%w] Conv.  
[%] 10h 
Conv.  
[%] 22h 
Conv.  
[%] 29h 
none 0 24 ± 0.2 52 ± 0.5 70 ± 0.7 
Sm2O3 1.6 30 ± 0.3 68 ± 0.7 87 ± 0.9 
Aluminumsilicate P820A 1.6 33 ± 0.3 67 ± 0.7 89 ± 0.9 
Lithiumchloride 1.6 63 ± 0.6 89 ± 0.9 98 ± 1.0 
 
Scheme 13 and Table 6 show the effectiveness of some tested Lewis-Acid catalysts at 
the reaction temperature of 90 °C and the same reaction mixture13 as described above. 
Conversion rates could be increased up to 2.5 fold (LiCl, 10h). Table 6 shows the 
reaction with LiCl catalysis to be nearly completed after 29 hours whereas the non-
catalyzed reaction is far away from completion with only 70 % conversion. These results 
do not show a substantial catalytic effect, but they are a promising basis for our future 
investigations. 
 
Scheme 14: Catalysis of the ethylation with diethylcarbonate 
As already mentioned above, the ethylation of the alkylimidazole precursor with the 
diethylcarbonate runs much slower than the methylation with the dimethylcarbonate. 
Moreover, the formation of tetraethylammonium ethylcarbonate according to the reaction 
[344] does not take place at all under non catalytic conditions [342] as shown in Scheme 
14, whereas the lithiumethoxid catalyzed reaction [343] gives at least a turnover of 25% 
after 5 days at 140 °C, which still was not sufficient for industrial production in 2008, but 
these results were considered as a promising start for further development, reported in 
the patent WO2008052860 (see 3.4.4., page 193), which is granted in the EU. 
Meanwhile Lewis-Acid catalysts are being applied successfully in the commercialized 
CBILS®-reaction. 
3. Results 32 
 
 
 
3.1.4 Screening of substrates and thermodynamic analysis 
The CBILS® synthetic route as described on the example of 1-ethyl-3-methylimidazolium 
methylcarbonate in the previous sections, was empirically screened in our labs with a 
large number of diverse nitrogen-, phosphor- or sulfur-nucleophiles and a number of 
electrophiles other than dimethylcarbonate to evaluate the feasible chemical structures, 
the limitations and the parameters for optimal yields of ionic liquid production (136).  
 
 
 
Scheme 15: General alkylation of nucleophiles with carbonic acid esters 
 
Scheme 15 shows the general conditions for the screening reaction [345]. The 
molecular, neutral N-, P- or S-nucleophiles (Nu) were reacted with 1.0 - 2.0 molar 
equivalent of dialkyl- or diaryl carbonic acid esters for typically 2 to 3 days at 
temperatures of 100 - 200 °C. An alcohol ROH acted as stabilizing solvent, which 
contained the same rest R as the carbonic acid ester, in order to prevent 
transesterification side reactions. It has turned out that the CBILS® process is successful 
for synthesis of diverse imidazolium, pyrrolidinium, piperidinium, morpholinium and 
phosponium based ionic liquids. However, this route has failed to produce pyridinium 
and pyrrolium based ionic liquids due to uncontrollable condensation reactions leading to 
black, tarry products, as well as the method failed for preparation of sulfonium-based 
ionic liquids, due to lack of reactivity (Scheme 16). 
 
 
Scheme 16: Feasibility derived for some different CBILS® cations by empirical screening 
 
Taking into account an almost countless number of possible nucleophilic bases which 
could be involved in the CBILS® process, it seemed to be senseless to continue the “trial 
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and error” procedure for the screening of the promising precursors. This led to the 
development of a quantum-chemical based procedure for thermodynamic analysis: 
In order to predict the feasibility of the chemical reaction according to the CBILS® 
synthetic route, the equilibrium constants for ionic liquid synthesis reaction have been 
calculated first in the gas phase following by recalculation of these equilibrium constants 
for the liquid phase, where they have the practical application. The latter step requires 
knowledge on vapor pressures of the chemical reactions participants, which were mostly 
taken from our previous works (see chapter 3.4.5). The series of traditional CBILS® 
alkylcarbonates has been extended with three additional promising electrophiles, namely 
vinylene carbonate, 4-vinyl ethylene carbonate and methyl phenyl carbonate. The 
temperature dependence of vapor pressures was measured for these species by using 
the transpiration method (137) (138) (139) (140). 
 
Quantum chemical calculations of the feasibility of CBILS® were performed with the 
Gaussian 09 series of programs using the G3MP2 and G4 methods. The thermodynamic 
properties of pure compounds and thermodynamic functions of chemical reactions were 
evaluated using standard procedures of statistical thermodynamics (141). The results of 
this work was published by the author and coauthors, for details see 3.4.5 “Carbonate 
based ionic liquid synthesis (CBILS®): thermodynamic analysis”. 
 
3.1.4.1 Thermodynamic Background 
 
The thermodynamic analysis of a chemical reaction is usually performed according to 
Eq. 1:  

mGr  = 

mHr  - T·

mrS  = - RT·ln KP     {1}, 
where 

mGr  is the the free energy of a chemical reaction, 

mHr is the reaction enthalpy, 
and 

mSr  is the reaction entropy. This analysis provides not only a qualitative indication 
of the feasibility (

mGr < 0) but also the value of the gas-phase thermodynamic equi-
librium constant KP at any temperature of interest T. As a rule, for KP > 10 the yield of a 
chemical reaction is practically close to 99%. Thermodynamic functions leading to the 
calculation of the KP-value can be of an experimental origin or nowadays can be reliably 
estimated by the quantum-chemical methods (142) (143). In this work the G3MP2 and 
G4 methods were used to calculate

mGr -values for the CBILS
® reactions and the KP 
values have been derived from Eq.1. In contrast to the results from quantum-chemical 
calculations, the CBILS® process is usually performed in the liquid and not in the 
gaseous phase. That is why the equilibrium constant KP was re-calculated to the liquid-
phase thermodynamic equilibrium constant Kx at any temperature of interest T. For 
example, for the CBILS® process relevant reaction [345] (Scheme 15), the 
thermodynamic constant Kx in the liquid phase can be calculated by Eq. 2 as 
3. Results 34 
 
 
 
0IL,
0,COR0Nu,
Px
P
PP
KK 32

       {2}, 
where Pi,0 are the absolute vapor pressures of the pure reaction [345] participants. 
Absolute vapor pressures for many N-, P- and S-nucleophiles and some common alkyl-
carbonates were available in the literature. Temperature dependences of vapor 
pressures for the promising for CBILS® vinylene carbonate, 4-vinyl-ethylene carbonate 
and methyl phenyl carbonate were measured in order to get access to the 
thermodynamic constant Kx for these precursors. The optimization of structures of the 
free cation and the free anion, followed by optimization of the ion pair were performed by 
the G3MP2 method. Electronic energies at 0 K, molecular structures in the lowest 
energetic state, and all vibrational frequencies of each specie have been obtained. 
Based on these quantum-chemical results the thermodynamic functions such as 
standard molar Gibbs energies, the standard molar enthalpies of formation, and the 
standard molar entropies of chemical reactions according to the CBILS® process have 
been calculated. From the calculated 

mGr -values the chemical equilibrium constants KP 
at 298 K and at 393 K in the ideal gaseous state have been calculated according to Eq.1. 
The temperature 393 K is practically relevant to the CBILS® process. Calculations at the 
reference temperature T = 298 K are practically irrelevant, but they provide a possibility 
to assess the trend of the equilibrium constants KP temperature dependences. The 
theoretical gas-phase thermodynamic data including chemical equilibrium constants KP 
at 298 K and at 393 K were calculated (see chapter 3.4.5) and the constants Kx in the 
liquid phase were derived according to Eq. 2 using vapor pressure of pure compounds. 
Results of the quantum-chemical calculations were referred to the gas phase. The 
standard molar reaction enthalpies 
 mrH (g) in the gas phase are related to reaction 
enthalpies, 
 mrH (liq), in the liquid state by equation 
 

im
i
imrmr HgHliqH ,
g
l)(Δ)(Δ         {3}, 
where 

i,m
g
l H  are the molar enthalpies of vaporization of the pure compounds i at the 
reference temperature 298 K. The latter values for the molecular compounds involved in 
all reactions are well established and they are usually available in the literature. 
Enthalpies of reactions 
 mrH (g) required for Eq. 3 were calculated directly from H298 
enthalpies of the reaction participants using the G3MP2. These theoretical gas-phase 
enthalpies of reactions 
 mrH (g) can be easily re-calculated to the practically important 
liquid phase reaction enthalpies
 mrH (liq) as is demonstrated for the synthesis of 1-ethyl-
3-methylimidazolium methylcarbonate from 1-ethylimidazole and dimethylcarbonate (see 
reaction [346] in Chapter 3.1.4.3.1). 
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3.1.4.2 Vapor Pressures and Thermodynamics of Vaporization 
Vapor pressures of methyl phenyl carbonate have been measured for the first time. 
Absolute vapor pressures of vinylene carbonate and 4-vinyl ethylene carbonate available 
in the literature were compared and were in significant disagreement with previous 
results. However, an absence of experimental details in both earlier papers (144) (145) 
made it impossible to explain the disagreement observed. Thermodynamic function of 
vaporization derived from vapor pressure measurements  are compiled in Table 7. It has 
been reasonable for the thermodynamic analysis of the CBILS® process to select at least 
two different temperatures: the reference temperature T = 298 K as well as T = 393 K. 
The latter temperature represents a typical value applied in the industrial synthesis. 
Absolute vapor pressures of vinylene carbonate, 4-vinyl ethylene carbonate, and methyl 
phenyl carbonate at both temperatures can be used for calculations of the liquid-phase 
thermodynamic equilibrium constant KN in combination with the quantum-chemical 
results. 
 
Table 7: Experimental Results from Transpiration Experiments for Carbonates 
Compound 
 
Method 
T-range 

mH
g
l  
(Tav) 

mpC ,   
(-

mpC ,
g
l ) 

mH
g
l
  
(298 K) 
 
P298 K 
 
P393 K 
 K kJmol-1 JK-1mol-1 kJmol-1 Pa Pa 
vinylene carbonate S 308.2-348.2 41.60.9  135.6(45.8) 42.91.1   
 T 298.2-326.2 49.00.2  49.50.3 229 2700 
4-vinyl ethylene  E 373-433 72.12.2  192.1(60.5) 78.42.4   
carbonate T 295.2-347.6 62.10.3  63.50.4 4.2 1500 
methyl phenyl  E 378.8-487.7 49.70.2  254.0(76.6) 60.20.7   
carbonate T 283.5-353.2 62.50.3  63.80.4 14.5 5000 
Method: T = transpiration; S = static method; E = ebulliometry. 
 
 
 
3.1.4.3 Analysis of Thermodynamic Functions and Equilibrium Constants 
 
3.1.4.3.1 Linear and Branched Aliphatic Alkyl Carbonates.  
The most prominent example of the CBILS® process is the formation of 1-ethyl-3-
methylimidazolium methylcarbonate from 1-ethylimidazole and dimethylcarbonate (see 
reaction [346], Table 8). In the gas phase the Gibbs energies (

mrG (g) = 39.9 kJmol
-1 at 
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298 K and 

mrG (g) = 18.5 kJmol
-1 at 393 K) are large positive and the IL synthesis 
reaction is not favorable in the gas phase. Also reaction enthalpies of [346] in the gas 
phase (
 mrH (g) = -1.2 kJmol
-1 at 298 K and 
 mrH (g) = 12.2 kJmol
-1 at 393 K) are rather 
small, leading to the conclusion that the CBILS® reactions seem to be entropy driven in 
the gas phase (

mr S (g) = -137.6 JK
-1mol-1 at 298 K and 

mr S (g) = 12.2 JK
-1mol-1 at 
393 K). In contrast, this reaction in the liquid phase shows the value of 

mrG (liq) = -40.9 
kJmol-1 at 298 K and 

mrG (liq) = -61.6 kJmol
-1 at 393 K. The strong negative 

mrG (liq)-
values are an evidence that the reaction in the liquid phase is completely product 
favorable and this conclusion is fully in accordance to the experimental observation.  
In order to assess the liquid phase reaction enthalpy, 
 mrH (liq) = -35.7 kJmol
-1 at 298 K 
for [346] according to Eq. 3, enthalpies of vaporization of the reaction participants were 
used (see Chapter 3.4.5, page 257, supporting information, table S2). The large and 
negative reaction enthalpy is the evidence of the exothermic reaction in agreement with 
the practical observation.  
 
The liquid phase thermodynamic equilibrium constants Kx = 2×107 at 298 K and Kx = 
6×1010 at 393 K has been calculated by Eq. 3 with help of the vapor pressures of 
reaction participants. Such a big equilibrium constants at ambient temperatures as well 
as at elevated temperatures can serve as an evidence that the equilibrium of the reaction 
[346]  is virtually shifted to the product formation and that the practical yield of IL for this 
model reaction is completely stipulated by the kinetics of this process. Under real 
conditions used for the commercial production of 1-ethyl-3-methylimidazolium 
methylcarbonate, the reaction reaches a turnover of >99% after 3 days at 140 °C and 16 
bar inherent pressure and after 1 hour at 190 °C and 65 bar inherent pressure; at room 
temperature the reaction is too slow. 
 
It is important to trace the impact of the alkyl chain length and the chain branching of the 
alkyl-carbonates in order to extend diversity of prepared ionic liquids as well as to assess 
feasibility of the CBILS® process for the branched species. For this purpose quantum-
chemical calculations for reactions [347]-[349] were performed applying 
diethylcarbonate, di-iso-propylcarbonate and di-tert.-butylcarbonate as the alkylating 
reagents. As can be seen from Table 8, the equilibrium constant for reaction [347] 
(alkylation of ethyl-imidazole with diethylcarbonate) remains high, but of 1-2 orders lower 
in comparison to the reaction [346]  with the di-methylcarbonate. For the reaction [348]  
with di-iso-propylcarbonate, the thermodynamics still predicts a high equilibrium constant 
in spite of significant branching of the alkyl chains of the alkylcarbonate. However, for the 
reaction [349]  with the di-tert.-butylcarbonate, the thermodynamics are already 
unfavorable (and Kx = 1×10-2 at 393 K). Thus, the CBILS® reactions with the branched 
species are obviously not thermodynamically favorable. 
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Table 8: Equilibrium Constants of the CBILS® Reactions with Aliphatic Alkyl-Carbonates. 
No. Reaction Kx 
298 K 
Kx 
393 K 
[346] 
 
2·107 6·1010 
[347] 
 
4·105 6·109 
[348] 
 
1·105 1·105 
[349] 
 
1·10-6 1·10-2 
 
 
3.1.4.3.2 Cyclic Aliphatic Alkyl Carbonates.  
Cyclic aliphatic alkyl-carbonates like ethylene carbonate, vinylene carbonate, 4-vinyl-
ethylene carbonate and glycerol carbonate are very interesting species for the CBILS® 
process (see Table 9, reactions [350]-[353]).  
 
Table 9: Equilibrium Constants of the CBILS® Reactions with Cyclic Aliphatic Alkyl-Carbonates 
No. Reaction Kx 
298 K 
Kx 
393 K 
[350] 
 
1.9 2·105 
[351] 
 
3·107 3·106 
[352] 
 
4·10-7 6·10-5 
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[353] 
 
8·10-9 5·10-6 
 
According to the thermodynamic analysis, reaction of 1-ethylimidazole with ethylene 
carbonate [350] is significantly temperature dependent (Kx = 1.9 at 298 K and Kx = 2·105 
at 393 K). Following, a good yield of the ionic liquid in this reaction can be expected only 
at elevated temperatures, which is confirmed in the experiment; the produced 
zwitterionic species can easily be reacted to hydroxyl-functionalized ionic liquids 
according to the CBILS® process, see Scheme 17.  
 
 
Scheme 17: Formation of hydroxyl-functionalized ionic liquids (example) 
 
The high reactivity of ethylene carbonate might be explained by the ring-strain released 
in the course of the reaction, advantageous for the kinetics and thermodynamics. The 
same conclusion is also valid for the vinylene carbonate based reaction [351]. 
Surprisingly, the 4-vinyl ethylene carbonate and glycerol carbonate based reactions [352] 
and [353] are thermodynamically not favorable, may be due to the branching of the alkyl 
chain of the zwitterionic ionic liquids. 
 
 
3.1.4.3.3 Aromatic Alkyl Carbonates and Unsaturated Aliphatic Alkyl-Carbonates 
During the SN2-transition state of the quaternary carbonate formation, steric and 
electronic effects influence the rate of the reaction. A positive and a negative charges are 
formed and they have to be separated from each other. The latter process requires a 
certain amount of energy. Therefore the stabilization of the negative charge appearing at 
the anion is a crucial process and determines the quality of this leaving group. One 
possible way to stabilize this negative charge is the delocalization by aromatic and non-
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aromatic π-electron systems using appropriate carbonates as precursors. Results for 
reactions [359]-[361] having methylphenyl-, diphenyl- and dibenzyl-carbonate as 
precursors show, that these reactions are thermodynamically favorable with very high 
equilibrium constants even at 298 K (see Table 10). 
 
 
Table 10: Equilibrium Constants of the CBILS® Reactions with Aromatic Alkyl-Carbonates and 
Unsaturated Aliphatic Alkyl-Carbonates 
No. Reaction Kx 
298 K 
Kx 
393 K 
[359] 
 
5·104 3·104 
[360] 
 
1·105 4·109 
[361] 
 
2·103 3·108 
[362] 
 
3·105 6·109 
[363] 
 
3·106 3·1010 
 
Experiments with aromatic carbonates have shown very good yields of appropriate ionic 
liquids at 393 K for the phenylation and benzylation reactions [359]-[361] in agreement 
with the quantum-chemical prognosis. In contrast to this the corresponding vinylation 
[362] and allylation [363] of 1-ethylimidazole are thermodynamically favorable, but 
preliminary experiments have shown low reactivity of appropriate carbonates. Obviously 
the stabilization of the formed negative charge is not sufficient in a single double bond 
system and these reactions occur under kinetic control. 
3.1.4.3.4 Amines and Alkyl-Sulfides  
Alkyl-imidazoles are broadly used as precursors in ionic liquid synthesis reactions. 
However, these materials are quite expensive and a search for less expensive 
precursors for the CBILS® reactions could significantly extend the portfolio of the 
commercially available ionic liquids. In order to test the ability of the quantum-chemical 
calculations to predict yields of ionic liquids by using the CBILS® process, we selected 
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three typical reactions [364]-[366], where preliminary experimental studies have shown 
moderate to poor results. For example, forming the quaternary triethylmethylammonium 
methylcarbonate the precursors triethylamine and dimethylcarbonate were reacting at 
393 K slower than expected for this rather small molecules and complete conversion of 
the starting materials took a few days. This experimental finding corroborates with results 
from quantum-chemical calculations where only a moderate equilibrium constant Kx = 0.6 
(see Table 11) was estimated even at 393 K.  
Table 11: Equilibrium Constants of the CBILS® Reactions of Amines and Alkyl-Sulfides with 
Dimethyl-Carbonate 
No. Reaction Kx 
298 K 
Kx 
393 K 
[364] 
 
4.0 0.6 
[365] 
 
9·10-6 1·10-4 
[366] 
 
1·10-9 5·10-6 
 
Surprisingly it was found, that sulphur nucleophiles do not react with dimethylcarbonate 
at all. This experimental result was quite unexpected, since sulfur compounds are known 
to be very good nucleophiles on the one hand, but maybe are too soft to react with the 
hard electrophile dimethylcarbonate according to the HSAB concept (146). However, the 
calculated equilibrium constants for this reaction Kx are very low at a level of 10-4 to 10-6 
and consistent with this observation. The cyclic tetrahydrothiophene was expected to be 
more reactive due to ring strain and electronically activated and less shielded electron 
lone pairs at the sulfur atom [366]; but even the ring strain does not change this 
unreactive behavior.  
In summary, the results of the G3MP2 quantum-chemical computation for the reactions 
presented in Table 8 to Table 11 are able to assess the overall yield of the ionic liquid in 
the CBILS® reactions. The computational procedure, which combines quantum-chemical 
and experimental methods, is a versatile and useful tool in the planning and explanation 
of reactions with quaternary methylcarbonate salts. A systematic application of this 
procedure for diverse pairs of precursors for the CBILS® process will help to reduce 
experimental efforts by screening of substrates as well as for optimization of the 
temperature management for the synthesis at industrial scale. 
 
3.1.4.3.5 Gas-Phase Enthalpies of Formation of diverse Alkyl Carbonates  
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Chemical reactions of ionic liquids synthesis according to the CBILS® process are 
exothermic and careful heat management is essential for the safety of the industrial 
process and for the quality of the IL. In this context enthalpies of formation of alkyl 
carbonates used as possible precursors are of practical interest. They are required for 
the calculation of the reaction heat according to the Hess´s Law. Gas-phase standard 
molar enthalpies of formation, 
mf H  (g) of different carbonates were calculated with help 
of the two high-level quantum-chemical methods G3MP2 and G4. The G3MP2 method 
was successfully tested towards alkyl carbonates (147) (148). The latest G4 method from 
the G*-family is significantly more time consuming but it was found to be more accurate 
with a mean absolute deviation of 3.5 kJ·mol-1 tested with 483 molecules of different 
structure and size in the G3/05 test set (149). Enthalpies H298 calculated by the G3MP2 
and G4 were converted to enthalpies of formation 
mf H (g, 298.15 K) using the 
conventional atomization reaction (e.g. for dimethyl carbonate): C3H6O3  3×C + 6×H 
+3×O. Results of quantum chemical calculations are given in Table 12. As can be seen 
from this table, the results from G3MP2 method are mostly within ±3.5 kJ·mol-1 in 
agreement with those calculated by the G4 method. However, the G4 calculated 
enthalpies of formation are somewhat more close to the available experimental results 
(147) (148). 
 
Table 12: Enthalpies of formation  (g) of alkyl carbonate precursors calculated by the G3MP2 and 
G4 method (in kJ·mol-1). 
CAS Carbonate  Exp. G3MP2 G4 
616-38-6 di-methyl carbonate  -570.70.6 
-569.5 -573.6 
105-58-8 di-ethyl carbonate  -637.90.9 
-638.4 -640.6 
96-49-1 ethylene carbonate  -510.70.9 
-508.4 -512.5 
108-32-7 propylene carbonate 
 
-553.90.8 
-552.3 -556.0 
4437-85-8 butylene carbonate 
 
-576.71.2 
-573.7 -578.3 
872-36-6 vinylene carbonate 
 
(-410.42.1)a -395.8 -398.8 
4427-96-7 4-vinyl ethylene carbonate 
 
 -440.8 -445.0 
13509-27-8 methyl phenyl carbonate 
 
 - -436.6 
4427-89-8 4-methyl-1,3-dioxol-2-one 
 
 -446.4 -448.8 
37830-90-3 
4,5-dimethyl-1,3-dioxol-2-
one  
 -495.1 -497.0 
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4427-92-3 4-phenyl-1,3-dioxol-2-one 
 
 - -417.4 
2171-74-6 1,3-benzodioxol-2-one 
 
 -373.2 -369.9 
7570-02-7 diethenyl carbonate 
 
 -379.5 -378.3 
931-40-8 glycerol carbonate 
 
 - -703.3 
a Calc. from the experimental value 

mHf
(liq, 298 K) = -459.9±2.1 kJ·mol-1 and the enthalpy of vaporization (Table 7). 
 
3.1.5 Development of Continuous Flow Method for Ultra-Pure Ionic Liquids 
Being a manufacturer of ionic liquids, proionic GmbH recognizes a significantly 
increasing demand on high purity ionic liquids within the last years, which results from a 
growing number of ionic liquid based high-tech applications e.g. in electronics, energy 
storage, nanotechnology, dye sensitized solar cells, functional materials etc. Continuous 
flow (CF) processes - especially those using microstructured devices - are known to be 
very effective in organic synthesis: They allow improved and precise heat management, 
safe handling of aggressive chemicals even under high pressure and temperature, 
superior mass transfer rates, easier scale up and frequently result in significant process 
intensification with enhanced yield, selectivity and purity (150). Such improved processes 
are known for the synthesis and application of ILs as well (151), which encouraged the 
author and coauthors to evaluate the CBILS® process under CF conditions and to publish 
the results, see 3.4.6 “Carbonate based ionic liquid synthesis (CBILS®): Development of 
Continuous Flow Method for Preparation of Ultra-Pure Ionic Liquids”, page 279. 
 
As described in detail in the chapters 3.1.1 - 3.1.2, the crucial step in the CBILS® process 
from a purity point of view, is the formation of the quaternized alkyl- or arylcarbonate 
intermediate, which is then reacted with Broensted acids to the final ionic liquid. For high-
tech applications of ultra-pure ionic liquids, imidazolium and pyrrolidinium based 
structures are of great importance, that is why the author has chosen to investigate the 
synthesis of the intermediates 1-butyl-1-methylpyrrolidinium methylcarbonate (BMPyr-
MC) and 1-ethyl-3-methyl-imidazolium methylcarbonate (EMIM-MC) under batch and 
continuous flow conditions; both of these methylcarbonates are fully commercialized 
products at proionic GmbH. 
 
 
Scheme 18: Synthesis of 1-Butyl-1-methylpyrrolidinium methylcarbonate 
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Scheme 19: Synthesis of 1-Ethyl-3-methylimidazolium methylcarbonate 
 
Scheme 18 and Scheme 19 show the reaction conditions for the synthesis of very pure 
BMPyr-MC and EMIM-MC investigated in this work, which are obtained as stable 
solutions in methanol (MeOH) in typical concentrations as being used for commercial 
products. Starting materials were 1-butylpyrrolidine (BPyr) and 1-ethylimidazole (EI) as 
nucleophilic bases and dimethylcarbonate (DMC) as methylating agent. Since BPyr is 
more reactive than EI, reaction temperatures were 30 °C higher for the latter to realize 
residence times of 0.5 to 2 hours. The high amount of 35 %w to 60 %w of methanol as 
solvent is necessary, to suppress the formation of by-products to reach high qualities; 
however, this does result in a negative impact on the space-time yields of these 
reactions. Substrate mixtures and products mixtures of both reactions are homogeneous, 
so the used setup for the continuous flow (CF) experiments was rather simple, see 
Scheme 20: The substrate mixture was pumped using a standard HPLC pump with 
pressure indicator at flow rates between 0.1 and 10 ml·min-1 and pressures of up to 
150 bar through a stainless steel coil, which was heated inside a standard drying oven 
with an accuracy of ± 1 K. The reaction mixture was cooled down in a second coil 
submerged in a water bath. To adjust the pressure a back-pressure regulator with 
pmax = 175 bar was used. 
 
 
 
Scheme 20: Schematic of the continuous flow setup 
 
For batch experiments vials equipped with PTFE coated stir bars, PTFE seals and PEEK 
screw caps were used, which resist 20 bar pressure and 170 °C; the volume of these 
vials were filled up with substrate mixture by 80 %. Heating occurred in a thermostated, 
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massive aluminum block. Reaction mixtures were characterized using HPLC-UV-CAD 
(CAD = Charged Aerosol Detector), Ion Chromatography (IC), Karl-Fisher Coulometry 
(KFC) and alkalimetric or acidimetric titration methods (details see 3.4.6, page 279, 
supporting information). 
 
  
Table 13: Batch vs. continuous flow synthesis of BMPyr-MC 
no. mode 
T 
[ °C] 
t 
[min] 
BPyr 
[%wt] 
BMPyr-MC 
[%wt] 
Conv. 
[%] 
STY 
[kg·L-1·h-1] 
1 Batch 130 30 22.52 13.72 26.3 0.20 
2 Batch 130 60 14.86 25.13 49.8 0.18 
3 Batch 130 120 7.74 38.33 74.4 0.14 
4 Batch 170 30 0.27 51.05 99.1 0.73 
5 Batch 170 60 0.21 52.13 99.3 0.37 
6 Batch 170 120 0.17 52.51 99.5 0.19 
7 CF 130 30 13.66 27.58 54.2 0.52 
8 CF 130 60 6.67 36.52 76.2 0.35 
9 CF 170 30 0.04 48.90 99.9 0.93 
10 CF 170 60 0.03 51.57 99.9 0.49 
Continuous flow (CF), reaction temperature (T) and duration (t), educt 1-butylpyrrolidine (BPyr), product 
1-butyl-1-methylpyrrolidinium methylcarbonate (BMPyr-MC), conversion (Conv.), space-time-yield (STY) of 
contained pure product. Pressure 50 bar for all CF experiments. Sum of impurities <0.1 %wt. 
 
Table 13 shows the results for batch and CF synthesis of BMPyr-MC: In general CF 
reactions compared to batch reactions of identical conditions show conversion rates 
increased by a factor of 1.5 to 2.0 and space-time yields improved by a factor of 1.3 to 
2.6. As we are interested in very high qualities, residual starting material BPyr at 
concentrations as low as only several 100 ppm are highly attractive, as demonstrated in 
CF reactions no. 9 and 10: Under batch conditions, these low concentrations cannot be 
reached even after 120 min at 170 °C; compared to reaction no. 9, the residual starting 
material in no. 6 is with 1700 ppm at a 4-fold level even after a 4-fold reaction time and 
the space-time yield is smaller by a factor of 4.9.  
  
Table 14: Batch vs. continuous flow synthesis of EMIM-MC 
no. mode 
T 
[ °C] 
t 
[min] 
EI 
[%wt] 
EMIM-MC 
[%wt] 
Conv. 
[%] 
STY 
[kg·L-1·h-1] 
1 Batch 170 30 13.52 4.89 15.7 0.065 
2 Batch 170 60 11.59 10.33 31.5 0.069 
3 Batch 170 120 6.31 21.34 63.6 0.071 
4 CF 170 30 8.92 14.05 44.9 0.25 
5 CF 170 60 4.82 21.56 69.8 0.19 
6 CF 200 120 0.16 32.83 99.1 0.15 
Continuous flow (CF), reaction temperature (T) and duration (t), educt 1-ethylimidazole (EI), product 1-ethyl-
3-methylimidazolium methylcarbonate (EMIM-MC), conversion (Conv.), space-time-yield (STY) of contained 
pure product. Sum of impurities <0.1 %wt. Pressure 100 bar for all CF experiments. 
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For the synthesis of EMIM-MC, results are similar as shown in Table 14: Here 
conversion rates between CF and batch reactions differ by factors of 2 to 3 and space-
time yields by factors of 2 to 4, with CF always being superior. In order to reach very low 
values of the starting material EI, harsher conditions compared to BMPyr-MC had to be 
applied, which reflects the lower reactivity of EI compared to BPyr: As shown in CF 
reaction no. 6, only a temperature of 200 °C and a residence time of 120 min led to a 
residual concentration of EI at an acceptable level of 1600 ppm. Due to the limited 
pressure and temperature resistance of the used vials, the experiment analogue to no. 6 
could not be investigated under batch conditions.  
 
A side reaction of DMC we are observing under the previously described reaction 
conditions, is the slow decarboxylation into the gases dimethylether and CO2 under the 
basic conditions of the CBILS® process; a very similar reaction with pure DMC is 
described in literature to take place with a conversion rate of 4% at 200 °C and 6 h over 
solid K2CO3 as catalyst (152). Since DMC is used in excess of 0.6 equiv. and the side 
products are gases, this does not affect the synthesis of BMPyr-MC and EMIM-MC 
directly, but the volume of the formed gases reduce the actually available reaction 
volume in the continuous flow case.  
  
Table 15: Continuous flow synthesis of EMIM-MC at different pressures. 
no. 
T 
[ °C] 
p 
[bar] 
EI 
[%wt] 
EMIM-MC 
[%wt] 
Conv. 
[%] 
STY 
[kg·L-1·h-1] 
STY 
[%] 
1 170 20 9.03 13.09 42.8 0.23 79 
2 170 50 8.70 14.13 45.6 0.25 86 
3 170 100 8.22 15.17 48.8 0.27 93 
4 170 150 7.61 16.46 52.8 0.29 100 
5 200 50 1.96 27.55 87.9 0.49 98 
6 200 100 1.64 28.16 89.9 0.50 100 
7 200 150 1.49 28.06 90.7 0.50 100 
Residence time 30 min. for all experiments. Reaction temperature (T) and pressure (p); educt 
1-ethylimidazole (EI), product 1-ethyl-3-methylimidazolium methylcarbonate (EMIM-MC), conversion (Conv.), 
space-time-yield (STY) of contained pure product. Sum of impurities <0.1 %wt. 
 
In order to suppress this volume loss to a minimum, the reaction performance was 
investigated under increased pressure: Table 15 shows the results for an EMIM-MC 
synthesis at pressures from 20 to 150 bar and temperatures of 170 °C and 200 °C; the 
residence time has been chosen to be 30 min, which results in unreacted EI levels of 
some %wt, which is still in the dynamic range of the reaction. It can be seen, that space-
time yields for 170 °C differ between 0.29 kg·L-1·h-1 (100%) for 150 bar and 
0.23 kg·L-1·h-1 (79%) for 20 bar, which is a relative difference of remarkable 21%. The 
trend of these STY-changes with pressure follows a linear regression with R2 = 0.997, 
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which correlates to the expected compression of the formed gases dimethylether and 
CO2 and subsequent increase of reaction volume.  
 
All reaction products from systematic experiments listed in Table 13 - Table 15 were 
analyzed and showed to be very pure with some residual quantities of halides (IC) 
< 5 ppm, water (KFC) < 100 ppm and no other impurities detectable by HPLC-UV-CAD 
or IC (<0.1 %wt). However, to demonstrate applicability of the continuous flow method 
for the practical ionic liquid synthesis, a larger quantity (about 100g) of EMIM-MC 
solution in methanol was produced according to reaction-conditions no. 6, Table 14 and 
further reacted with exactly 1.000 equivalent of acetic acid having purity 99.96%. All 
volatiles were removed in vacuo by using thin film evaporator technology under 
industrially applicable molecular distillation conditions (153), see supporting information, 
Chapter 3.4.6, page 279. The resulting 1-ethyl-3-methylimidazolium acetate (EMIM-OAc) 
was characterized by methods listed in Table 16 and showed excellent purity at the level 
of 99.5 %w to 99.9 %w, which - to our best knowledge - has never been reached before 
for this particular IL by other methods (154). 
 
 
Table 16:  Analytical data of 1-ethyl-3-methylimidazolium acetate sample 
Analyte (method) Results 
OAc- calc. as EMIM-OAc (IC) 99.91 ± 0.05 % wt. 
EMIM+ calc. as EMIM-OAc (HPLC) 99.49 ± 0.07 % wt. 
Starting material EI (HPLC) not detected (< 500 ppm) 
F- (IC) not detected (< 5 ppm) 
Cl- (IC) not detected (< 5 ppm) 
H2O (Karl Fisher coulometry) 
Color (acc. to Ph. Eur.) 
304 ± 3 ppm 
G7 (almost colorless) 
 
 
However, the precise determination of impurities in ionic liquids is a challenging task 
(155). Each of the analytic methods applied, have limited specify and sensitivity and 
have inherent “blind spots” outside these limits. In order to avoid ambiguity with the 
total amount of impurities in the ultra-pure sample of EMIM-OAc, two additional 
calorimetric methods have been applied in this work: High-precision combustion 
calorimetry (156) and high precision solution calorimetry (157). The main idea for 
this double-check of the EMIM-OAc purity is, that both classical calorimetric methods are 
extremely sensitive to the total amount of impurities. Especially sensitive is the 
combustion calorimetry, where the purity requirements for the sample used is 
conventionally ≥ 99.9 %wt. Moreover, for this method the amount of low-molecular 
weight impurities even at the level of 0.05 - 0.1 %wt. can dramatically affect the result. 
The solution calorimetry is also very sensitive, but for this method total amounts of 
residual ionic species and water are more distracting. The final experimental result from 
the combustion and the solution calorimetry, which is relevant to the purpose of this 
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study, is the liquid state standard molar enthalpy of formation, 
mf HΔ (liq). This 
thermodynamic property obtained for EMIM-OAc from two independent calorimetric 
methods is expected to be essentially the same, provided that the sample taken for 
experiments is of impeccable purity as it stated in Table 16. 
 
Combustion experiments with ultra-pure EMIM-OAc were performed with an isoperibolic 
calorimeter with a static bomb and a stirred water bath, for details see Chapter 3.4.6, 
page 279 and (156). The resulting value 
mf HΔ  (liq). = - 450.1 ± 2.6 kJ·mol
-1 can now 
be compared with those obtained from the solution calorimetry. Molar enthalpy of 
solution of the ultra-pure EMIM-OAc was measured with a commercial LKB 8700-2 
isoperibol solution calorimeter. The standard molar enthalpy of dissolution ∆solHm was 
derived from five experiments. The process of dissolution of EMIM-OAc in water is 
ascribed for the following reaction: 
EMIM-OAc (liq) + aq = [EMIM]+(aq)  +  [OAc]-(aq)   [369] 
The enthalpy of this reaction is defined as enthalpy of solution and the value ∆solHm = 
- (50.0 ± 0.2) kJ·mol-1 was measured in this work by using solution calorimetry. 
According to the Hess´s Law this enthalpy of solution is also calculated over the 
enthalpies of formation of the reaction participants: 
 
∆solHm = mHfΔ  [EMIM]
+(aq) + mHfΔ  [OAc]
-(aq) - mHfΔ (liq)   {4} 
 
From the equation {4} the enthalpy of formation of EMIM-OAc can be derived with the 
known enthalpies of formation mHfΔ  [EMIM]
+(aq) = - (13.2 ± 2.4) kJ·mol-1 of the EMIM+ 
cation (158) and the mHfΔ  [OAc]
-(aq) = - (486.0 ± 0.2) kJ·mol-1 of the acetate anion 
(159). The resulting enthalpy of formation of EMIM-OAc mHfΔ  (liq) = - (449.2 ± 2.4) 
kJ·mol-1 derived from the solution calorimetry experiments has been in most excellent 
agreement with those mHfΔ  (liq) = -450.1 ± 2.6 kJ·mol
-1 measured by the combustion 
calorimetry. This remarkable agreement is the convincing validation for the highest 
level of purity, achieved for the sample of EMIM-OAc, by using the CBILS® 
continuous flow method for synthesis of ultra-pure ionic liquids.  
 
A 1000-fold scale up experiment recently resulted in perfectly transferable reaction 
parameters. A simple tube reactor with a heated zone of 30 L (see Figure 5), operated at 
195 °C and a backpressure of 100 bar, showed a space-time yield of 0.14 kg·l-1·h-1 of 
very pure EMIM-MC, which correlates to a productivity of 4.2 kg·h-1. A similar batch 
process operated in a 200 L pressure autoclave at 150 °C and a resulting pressure of 
16 bar, delivered a space-time yield of only 0.0046 kg·l-1·h-1 and a productivity of 0.93 
kg·h-1 of EMIM-MC with somewhat worse quality. Due to the limited pressure maximum 
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in the autoclave, a direct comparison between batch and CF at identical temperatures 
was not possible; however, an almost 5-fold difference in productivity despite a 6-fold 
smaller CF-reactor volume indicates the advantage of CF over a batch-process. From an 
investment point of view it is clear, that a technical production of CBILS® ionic liquids will 
be cheaper based on a CF process in order to realize the same productivity. As a result 
we expect to commercialize ultra-pure ionic liquids at proionic GmbH in larger scale in 
the nearest future. 
 
 
Figure 5: 30 L / 100 bar continuous flow reactor and 200 L / 16 bar autoclave at proionic GmbH 
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3.1.6 CBILS® Versus State of the Art and 12 Principles of Green Chemistry 
 
Looking back on chapter 2. “Objectives” on page 19 the following targets were achieved 
by the development of the CBILS®-synthesis route: 
 
a. No use of toxic and carcinogenic alkylating agents, no effort to control such 
residues in the final product.  
b. CBILS® works without use of halogen compounds: Very low concentration of 
typically less than 5 ppm halides in the final product14, no halide induced 
corrosion problems, no effort to remove halides. 
c. No production of waste in theory, especially not one molecular equivalent as in 
conventional synthesis. In reality at ton scale, the generation of low waste 
quantities is unavoidable due to minor losses and decomposition of chemicals in 
the recycling steps. At present generation of one molar equivalent of CO2, but 
realistic option for recycling of formed CO2 to dialkylcarbonates in the near future. 
d. No metathesis reaction but simple and quick Broensted acid base neutralization 
reactions instead; reactivity can perfectly be predicted by pKa values; no large 
consumption of organic solvents, no need to dry starting materials. 
e. In contrast to metathesis reactions, the performance is driven by the shift of the 
Broensted acid base neutralization reaction to the product side, which always 
results in a 100 % conversion, due to release of formed CO2.  
f. Good or poor water solubility of starting materials does not influence the CBILS® 
reaction, no need for ion exchange resins.  
g. Equilibrium of ion exchange reactions is not of importance, no ion exchange 
reactions needed. 
h. Costs of and incompatibility with ion exchange resins not of importance, no ion 
exchange reactions needed. 
 
The “12 Principles of Green Chemistry” have been published by P.T. Anastas, J.C. 
Warner in the year 1998 (114) and show a strategy how to design chemical production 
processes safer and greener. In this context the CBILS® route for producing ionic liquids 
industrially, has been evaluated to meet most of these principles, see 4.2 “Evaluation of 
CBILS® according to the 12 Principles of Green Chemistry”. 
 
 
  
                                               
14 Source: Impurities of the starting materials 
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3.3 Applications of CBILS®  
In chapter 3.1 “Carbonate Based Ionic Liquid Synthesis (CBILS®)” the synthetic 
fundamentals and methodologies of the Carbonate Based Ionic Liquid Synthesis and 
supporting ab initio computation methods were introduced. In the following section some 
selected examples of application examples are presented. 
3.3.1 Chemisorption of CO2 in 1,3-Dialkylimidazolium Acetates 
As stated in the previous sections it is quite easy to synthesize ionic liquids with highly 
coordinating anions - such as acetate anions - via the CBILS® route by adding simply 
one molar equivalent of a conjugated Broensted acid – e.g. acetic acid - to the 
corresponding quaternary methylcarbonate precursor and removing solvent in vacuo. In 
contrast to this, it is quite difficult and costly to synthesize acetate ionic liquids 
conventionally by e.g. quaternary chloride based precursors and following metathesis 
reaction due to a low driving force of the highly coordinating chloride anion to exchange 
against the as well highly coordinating acetate anion, resulting in a disfavored 
equilibrium. Therefore the resulting conventional acetate ionic liquids contain chloride in 
the range of up to several thousand ppm (160), as to be expected (161). This fact led the 
company BASF SE to buy a CBILS® license from proionic GmbH and to produce large 
quantities of chloride free 1-ethyl-3-methylimidazolium acetate (EMIM-OAc) after this 
method. EMIM-OAc is used by BASF SE for the dissolution of cellulose in order to 
spin CELLIONICSTM cellulose fibers (162)15. EMIM-OAc breaks the intermolecular 
hydrogen bonds of the cellulose polymer strings to form even stronger hydrogen bonds 
(163) (164) with them. The formed solution of cellulose can be spun into a water bath to 
form the fibers, whereupon the water molecules are interacting stronger with the ionic 
liquid than cellulose does, forming new intermolecular hydrogen bonds between the 
cellulose strings. 
The same strong hydrogen bonds are crucial in the well-known absorption of carbon 
dioxide in 1,3-dialkylimidazolium acetate ionic liquids: The absorption of CO2 in ionic 
liquids is of high interest in order to capture it e.g. from flue gas of caloric power stations. 
This absorption of CO2 was investigated and our results were reported in Angewandte 
Chemie Int. Ed. (see 3.4.7 “Demonstration of Chemisorption of Carbon Dioxide in 1,3-
Dialkylimidazolium Acetate Ionic Liquids”). 
The generally accepted mechanism so far was published by E.J. Meginn (165) in 2005 
(see Scheme 21) and shows a carbene intermediate [332], formed via the abstraction of 
the EMIM+-H(2) by the basic acetate anion in reaction [371]. This nucleophile carbene 
intermediate attacks the electrophile CO2 [373] and forms the corresponding 
2-carboxylate [314].  
                                               
15 “CELLIONICS” is a trade mark of BASF SE 
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Scheme 21: Meginn mechanism of CO2 uptake in EMIM acetate 
This mechanism predicts a theoretical CO2 uptake of 1 molar equivalent, but in our labs 
only a maximum of 0.5 molar equivalents of uptake was found and quite a large quantity 
of an unexpected white, crystalline precipitate, which was not formed in the presence of 
larger quantities (more than 1000 ppm) of chloride ions. This precipitate was investigated 
by means of single-crystal X-ray diffraction and delivered direct experimental evidence of 
an unexpected structure: 
 
Scheme 22: Improved mechanism of CO2 uptake in EMIM-acetate 
Scheme 22 shows the ORTEP-diagram found and the 
improved CO2 uptake mechanism; the 1-ethyl-3-
methylimidazolium-2-carboxylate forms strong hydrogen bonds 
with the H(2) of an untouched 1-ethyl-3-methylimidazolium 
cation. However, the key compound is a dimeric acetate anion 
consisting of the reaction product acetic acid [372] and acetate: Scheme 23 shows this 
H(OAc)2anion. The ORTEP diagram clearly proofs the acidic hydrogen atom of the 
former acetic acid molecule to be shared by two acetate anions by very strong hydrogen 
Scheme 23: Dimeric 
acetate anion 
[374] 
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bonds. This hydrogen atom does not react with e.g. added 1-ethyl-3-methylimidazolium 
methylcarbonate, which states it to be no longer acidic. It can be concluded, that it’s 
reactivity to protonate the carbene intermediate [332] has decreased as well, keeping the 
concentration of reactive carbenes at a high level. In summary the formation of acetic 
acid complexed to its dimeric H(OAc)2 form is proposed to be the driving force for the 
CO2 uptake of 1-ethyl-3-methylimidazolium acetate. Dimeric and oligomeric forms of 
acetate in mixtures of acetate based ionic liquids with acetic acid were first reported by 
the working groups of Seddon and MacFarlane in 2008 (166). The new mechanism 
shown is consistent with the observation of 0.5 molar equivalent CO2 uptake.  
 
 
3.3.2 Measurement of fundamental thermochemical ionic liquid data 
As already outlined in chapter 3.1.5 “Development of Continuous Flow Method for Ultra-
Pure Ionic Liquids”, it is of essential importance to have access to highly pure samples in 
order to get reliable results for fundamental thermochemical measurements. Using the 
CBILS®-methodology, such samples were prepared, purified and investigated together 
with the Thermochemical Lab in Rostock and the results were published in two papers:  
 
A first paper (see 3.4.8 “Thermochemistry of ammonium based ionic liquids: Tetra-alkyl 
ammoniumnitrates – Experiments and computations”) shows the results for molar 
enthalpies of formation of a series of tetraalklylammonium nitrates, using combustion 
calorimetry. Thermal properties were studied using differential scanning calorimetry. 
First-principles calculations of the enthalpy of formation in the gaseous phase have been 
performed for the ionic species using the G3MP2 theory. The combination of these 
methods allowed to obtain a broad scope of thermodynamic data including enthalpy of 
formation in the gaseous and liquid phase, enthalpy of phase transition, enthalpy of 
vaporization and enthalpy of formation of aqueous tetra-alkyl ammonium ions [R4N]+(aq); 
this data are valuable for testing first-principles procedures and molecular dynamic 
simulations techniques in order to understand thermodynamic properties of ionic liquids 
on a molecular level. Enthalpies of formation of [R4N]+(aq) derived in this work are useful 
for prediction of thermochemical properties of ammonium based ionic liquids in general. 
The described procedure also opens several thermochemical options to obtain values 
required for the Born-Fajans-Haber cycles for ionic liquids (167) (168) (169). 
In a second paper (see 3.4.9 “Making Sense of Enthalpy of Vaporization Trends for Ionic 
Liquids: New Experimental and Simulation Data Show a Simple Linear Relationship and 
Help Reconcile Previous Data.”) the enthalpy of vaporization data of a homologous 
series of 1-n-alkyl-3-methylimidazolium bis(trifluoromethane-sulfonyl)imide ionic liquids 
([CnMIM][NTf2]) compiled from literature show an embarrassing disarray. New 
experimental data based on quartz crystal microbalance techniques, thermogravimetric 
analyses and molecular dynamics simulation presented, demonstrate a clear linear 
dependence of ionic liquid vaporization enthalpies on the alkyl chain length n of the 
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CnMIM+-cation; the CH2 group increment for experimental and computational methods 
were in good accordance being in the range of 3.89 kJ·mol-1 for the former and 
3.65 kJ·mol-1 for the latter, resulting in equations 

.exp,m
g
l H (298 K) / kJ·mol
-1 = 115.7 + 
3.89·n and 

.comp,m
g
l H (298 K) / kJ·mol
-1 = 124.8 + 3.65·n. The CH2 group vaporization 
enthalpy increment differs from molecular substances, which are typically in the range of 
4.5 to 5.0 kJ·mol-1. Ambiguity of the procedure for extrapolation of vaporization 
enthalpies to the reference temperature 298 K was found to be a major source of the 
discrepancies among previous literature data sets. Two simple methods for temperature 
adjustment of vaporization enthalpies have been suggested, based on a linear, chain 
length dependent empirical correlation for 

m,p
g
lC . The published vaporization enthalpies 
are valuable for evaluation of [CnMIM][NTf2] ionic liquids as thermofluids, development of 
liquid state theories and validating intermolecular potential functions used in molecular 
modeling of these liquids. 
 
 
3.3.3 The “ion compressor” - first commercialized engineering application 
The worldwide first commercialized application of an 
engineering ionic liquid is the liquid piston of the so called 
“ion compressor” (170) (171) (172). This ionic liquid piston 
was invented and developed by the author at proionic GmbH 
for the German company Linde AG and is used as an 
operating fluid to compress hydrogen gas up to 1000 bar for 
automotive fuel systems, see 3.4.10 “Patent: Liquid for 
Compressing a Gaseous Medium and Use of the Same” at 
page 353. It was mandatory for this hydraulic facility with a 
number of steel and nonferrous metal materials to guarantee 
a low chloride content in the operating ionic liquid, which 
could be handled easily using the CBILS® route. The ionic 
liquid piston is pumped oscillating between two or more 
cylinders and has a direct contact to the gas phase (see Scheme 24). The typically very 
low compressibility (173), virtually none existing vapor pressure (58) and low gas 
solubility of hydrogen gas (174) in the chosen ionic liquids were the drivers to develop 
such an unusual compressor setup. As a result the number of mechanical moving 
parts in the core construction decreased from originally over 500 (conventional 
compressor) down to an incredible low number of eight; the total energy 
consumption could be reduced by 25%. Since a liquid piston can be cooled very 
efficiently, the compression takes place quasi isothermal, a “fulfilled dream” for every 
engineer. Finally a liquid piston is easy to maintain since there are no sealing or friction 
problems with the cylinder’s wall.  
Scheme 24: Liquid Piston of 
Linde Ion Compressor (with 
permission from Linde AG) 
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Figure 6: Linde Ion Compressor Prototype, working since 2006 
 
3.3.4 Novel task specific ionic liquids for heavy metal extraction 
So called “Task Specific Ionic Liquids” for the selective liquid/liquid extraction of 
heavy metals from aqueous systems where first published by Robin D. Rogers and 
James Davis Jr. et al. in the year 2001 (175). Functionalized imidazolium cations with 
thioether, urea or thiourea derivatized side chains acted as metal ligating moieties 
whereas the PF6– anions provided the desired water immiscibility ([374], Scheme 25). 
Nernst distribution ratios were reported for Cd2+ and Hg2+ to be ≤ 380 over a large pH 
range. 
 
Scheme 25: Thiourea derivatized ionic liquid 
These ionic liquids were the first to contain specific functionalities to enable well defined 
chemical properties and were therefore called “task specific”. However, these pioneering 
ionic liquids showed some major drawbacks: The hexafluorophosphate anion is known to 
be quite unstable against hydrolysis and produces toxic and corrosive HF or fluorides 
(176). The disposal of these fluorous compounds is expensive and problematic. The 
synthesis at larger scale is complicated, starting materials are expensive.  
It was obvious, that the functionalization of an IL would be much easier by combining 
hydrophobic cations with commercially available, functionalized anions instead of 
functionalized cations. This could be achieved easily via reaction of sulfur containing 
acids with hydrophobic quaternary CBILS® methylcarbonates, such as e.g. thiolactic, 
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thiobenzoic or thiosalicylic acid with trioctylmethylammonium (TOMA) methylcarbonate 
(see Scheme 26): 
 
Scheme 26: The Task Specific Ionic Liquid  
Trioctylmethylammonium-thiosalicylate (TOMATS) 
 
TOMATS contains no fluorine and is absolutely stable to hydrolysis. It therefore does not 
release HF or fluorides, is not corrosive and much easier to dispose. The synthesis is 
simple, cheap and can be done at industrial scales. TOMATS was evaluated as medium 
for the extractive heavy metal decontamination of waste water and process water. 
 
 
Figure 7: Reaction of TOMATS with a copper-complex 
Figure 7 shows the reaction with a copper-tetramine solution, using normal test tubes. 
After addition of TOMATS and waiting some time without shaking, nice diffusion zones 
can be seen (middle tube). After shaking and phase separation (right tube) the aqueous 
phase is free of copper whereas the ionic liquid phase has completely changed its color 
and contains all the metal. The concentrations of diverse heavy metals in aqueous 
solution were measured before the extraction (c0) and after the extraction (c) using a 
GBC Avanta 906 flame AAS. Because the volume ratio ionic liquid to aqueous phase 
was 1:2 the Nernst distribution coefficient was calculated as 
 
N = cIL / cH2O = 2(c0 - c) / c 
Table 17 shows some typical values for these distribution coefficients measured after 
extraction with TOMATS: It shows extremely good distribution coefficients over a wide 
pH range, especially for the “classical” heavy metals like lead, cadmium and mercury. 
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Values >104 indicate, that the concentration of metal was below the detection limit of the 
analytic method. 
 
 
 Pb2+ Cd2+ Hg2+ CrO42- Cr3+ Cu2+ Ni2+ Fe3+ Ag+ 
pH 7 >104 >104 >104 2500 2500 >104 >104 1500 >104 
pH 5 >104 >104 >104 1000 1000 >104 >104 700 >104 
pH 3 >104 >104 >104   5000 1000 550  
pH 1 5000 5000 >104   3000 20 15  
Table 17: Nernst distribution coefficients for TOMATS 
 
TOMATS was commercialized by proionic GmbH at a laboratory scale in cooperation 
with Sigma Aldrich GmbH. The encouraging results stimulated us to investigate the 
performance of TOMATS in real matrices: Three polluted aqueous samples and a solid 
sample –  a so called “filter cake” from wastewater treatment of a municipal waste 
incineration plant – were investigated, the convincing results have been published by the 
author, see 3.4.11 “Decontamination of Heavy Metal Polluted Process Water, Waste 
Water and Filter Cake with High Performance”. This paper discusses potential 
recycling strategies as well. Inspired and based on these results, an extended, 
fundamental study of the “Elimination of Priority Metals from Communal Waste Water” 
was realized by Bernhard K. Keppler et al. and published by the Austrian Federal 
Ministry of Agriculture, Forestry, Environment and Water Management (177). 
 
3.3.5 Desiccation of ambient air – HVAC applications 
Drying of gases is of high interest for many industrial applications and a global billion 
Euro mass market. Among these gases ambient air is apparently the most important. 
The industrial desiccation of ambient air is applied for e.g. refrigerated warehouses, 
packing of deep frozen food, use of air as process gas and large building HVAC16-
processes, just to mention some examples. Various technologies have been employed 
for H2O vapor removal including chemical solvents, physical solvents, adsorbents, 
absorbents and membranes. The most important traditional technique is the “liquid 
refrigerant expansion-contraction” air conditioning system based on compressor-
machines, installed  a hundred million-fold worldwide. Furthermore processes using 
liquid desiccants - such as aqueous lithium chloride (LiCl) and calcium chloride (CaCl2) 
solutions or triethylene glycol - are known, which directly contact a gas source of high 
humidity with an absorbent comprising the liquid desiccant. The contact inside these 
LDACs17, occurs at specific absorption conditions, to absorb the water vapor from the 
gas source and forming a water-absorbent complex.  Afterwards, the gas - having a 
                                               
16 Heating, ventilation, air-condition 
17 Liquid desiccant air conditioner 
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reduced water vapor content - is recovered, and the amount of water in the water-
absorbent complex is reduced, such as by heating, under specific desorption conditions 
(see Figure 8). 
 
 
Figure 8: Core components of a low-flow LDAC  
(reprinted with friendly permission of the US National Renewable Energy Laboratory (178)). 
 
However, known liquid desiccants are corrosive or even very corrosive, harmful and may 
result in increased time and cost to manufacture and maintain devices for desiccating 
gasses, because of expensive construction materials – e.g. titanium (179) - needed. 
Another drawback is, that conventional liquid desiccants made of aqueous solutions of 
lithium- or calcium chloride – being solid inorganic salts – tend to precipitate out at high 
concentration or low temperature, which makes the system difficult to handle; liquid 
desiccants made of triethylene-glycol contaminate the ambient air due to the none 
neglectable volatility. 
 
Having the CBILS®-route in hand, allowing the production of halogen free, non-corrosive, 
highly coordinating ionic liquids it was clear, that this would open a great opportunity to 
develop a completely new ionic liquid desiccant technology. Together with the world 
leading desiccant-dehumidification company MUNTERS AB, ionic liquids with superior 
properties were developed and patented, see 3.4.12 “Patent: Liquid Sorbant, Method of 
Using a Liquid Sorbant and Device for Sorbing a Gas”. There are many benefits of using 
ionic liquids as desiccants. Ionic liquids are liquid at all working conditions and, in many 
cases, ionic liquids are liquid at room temperature or even far below. Compared to LiCl 
and CaCl2, ionic liquids show very low corrosion, similar desorption temperature and 
enthalpies, good shape of the isotherms, are non-volatile and non-toxic. 
A large number of ionic liquids were screened and evaluated against lithium chloride as 
reference. Figure 9 shows water uptake isotherms at 50 °C for LiCl, 
triethylmethylammonium acetate (IL1) and 1-ethyl-3-methylimmidazolium acetate (IL2) 
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and demonstrates the evident difference between the water uptake of solid LiCl and the 
two ionic liquids, which is in the range of 3-fold. 
 
Figure 9: Water uptake isotherm for LiCl and two IL's at 50 °C 
However, despite this big variation it is a.) the difference ∆m in water uptake and release 
between the two typical working points of approx. 20 %RH (relative humidity) and 80 
%RH of a LDAC-System and b.) the absorption and desorption kinetics, which is of 
importance for the operation of a desiccant dehumidifier; taking the kinetics into account, 
the result for the ionic liquids and LiCl are much closer; LiCl takes up a lot of water at 
approx. 80 %RH, but it absorbs water so strong, that it keeps a lot of the absorbed water 
at the desorption working point 20 %RH as well, which – for solid LiCl – is not reflected in 
Figure 9. In reality the process running in a commercial dehumidifier is driven by 
thermodynamic and by kinetic effects; uptake and release of water vapors in the 
absorption and desorption step depend extremely on the mass exchange phenomena at 
the surfaces involved. This is reflected perfectly in  
Figure 10, which shows the change of absolute humidity x in grams water per kg of air:  
 
 
 
Figure 10: Performance of LiCl vs. EMIM-Acetate used in an ILDAC-pilot  
(with friendly permission of Munters SE) 
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Despite the disadvantageous thermodynamics as shown in Figure 9, the ionic liquid 
works in reality nearly as good as LiCl, but without the drawbacks of being extremely 
corrosive or getting potentially solid at low water content or low temperatures. So far the 
ILDAC (ionic liquid desiccant air conditioning) system was developed up to prototyping 
for large building units together with Munters SE and showed a reduced energy 
consumption of up to 30 % less compared to the state of the art. 
 
3.3.6 High performance ionic liquid hydrogen carriers 
A very prominent energy carrier is hydrogen gas, being a high energy density 
material18, which subsequently is used in fuel cells to convert it into electrical power with 
efficiencies of 60% (180). Hydrogen fuel cells – in contrast to e.g. methanol or methane 
fuel cells – nowadays show life cycles of more than 5000 hours, are ready for mass 
production and commercialized for automotive applications (e.g. Toyota, Ford, Nissan, 
Mercedes), stationary energy storage (e.g. Ballard Power Systems Inc., McPhy Energy 
S.A.), microfuelcells as replacement for batteries and as recharging units for 
smartphones and laptops (BIC Inc.) and other applications. As hydrogen is expected 
being a key material for future energy concepts, enormous efforts have been taken 
worldwide in the last decades to develop hydrogen based energy technologies. All these 
technologies require sophisticated hydrogen storage concepts in order to realize long 
operating cycles, especially for mobile applications. 
 
Figure 11 shows a summary of the gravimetric and volumetric system storage capacities 
of modern hydrogen storage technologies. It has to be noted, that especially in mobile 
applications the volumetric storage capacity is even more important than the gravimetric 
capacity, since space is the more limiting factor than weight. The American Department 
of Energy (DOE) has defined storage capacities of 5.5 %w and 40 g/l H2 as a goal for 
2015 (181). The most developed storage system so far is pressurized hydrogen gas at 
350 bars or 700 bars. A major drawback of pressurized hydrogen is obviously the need 
for a sophisticated, fail save and heavy duty high pressure system in order to fulfil the 
high safety requirements in storage, tanking, and transport logistics. Another drawback is 
the quite high energy required to pressurize H2 on-site up to 700 bars, which is about 5% 
to 20% of its lower heating energy content (182) under real conditions.  
 
Liquid hydrogen and cryocompressed liquid hydrogen at temperatures below 
- 240 °C show quite interesting storage capacities as well but here the very low 
temperature is the major challenge: Even a state of the art thermal insulation of the 
system causes a boil off loss of about 1 %w per day. The energy demand to liquefy H2 
gas on-site is very high as well and is in the region of 30 % to 40 % of its lower heating 
energy content. C-sorbent systems adsorb hydrogen gas on elementary carbon 
                                               
18 Lower heating values: Gasoline ≈ 12 kWh/kg, hydrogen = 33.3 kWh/kg 
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surfaces e.g. activated charcoal, carbon nanotubes or the like. Their storage capacity is 
limited. 
 
Figure 11: State of the art gravimetric and volumetric hydrogen storage capacities and US-DOE 
goals for 2015 (183), amended by ILHC = Ionic Liquid Hydrogen Carrier and LOHC = Liquid 
Organic Hydrogen Carrier (with friendly permission by the US Department of Energy). 
The storage technologies described so far deal with molecular hydrogen. Hydrogen can 
be stored bound chemically as well. Metal hydrides and the advanced complex metal 
hydrides are compounds between hydrogen and elementary metals (e.g. palladium, 
magnesium, lanthanum), intermetallic compounds and alloys (e.g. TiNi-Ti2Ni, Mg-Mg2Ni) 
or nanocrystalline light metal hydrides. All these metals and metal compounds are able 
to incorporate hydrogen into their crystal lattice reversibly. Drawbacks are quite low 
capacities, slow kinetics and high sorption/desorption temperatures, the benefit is 
especially the on board recycling.  
 
Chemical hydrides are substances as boranates or alanates, such as NaBH4 and 
NaAlH4, or hydrides such as CaH2, NaH, which release H2 via hydrolysis reaction e.g. 
NaBH4 + 2H2O  NaBO2(aq) + 4H2 G = -300 kJ/mol. Benefits are quite high available 
storage capacities and low reaction temperatures - room temperature or even lower. The 
major drawback is the high energy demand in off board recycling of the spent chemical 
hydride and the instability of liquid formulations with water; even a 26 %w NaBH4 solution 
in 1 molar aqueous NaOH as stabilizer has a decomposition rate of 0,01 %/h at room 
temperature and 0,6 %/h at 60 °C (184). Anyway, such a - unfortunately instable - NaBH4 
solution is revolutionary, since compared to all other storage solutions described so far, it 
is liquid at ambient temperature and pressure and can be transported and stored using 
traditional logistics; this liquid is inflammable and releases hydrogen in contact with a 
suitable catalyst on demand and therefore is inherently safe. This concept of a liquid 
hydrogen storage system based on NaBH4 has been developed and tested in the late 
90’ties of the 20th century for automotive uses by Daimler-Chrysler AG; a minivan car 
called Natrium® 19 was equipped with fuel cells and a 200 liter tank for the sodium 
                                               
19 Natrium® is a registered trademark of Daimler-Chrysler 
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borohydride liquid. It had a range of 500 km and accelerated in 16 seconds from 0 to 
100km/h (185). The instability of the liquid, precipitations of solid metaborates and the 
missing recycling concept stopped Daimler-Chrysler AG to continue this project. 
 
Liquid organic hydrogen carriers (LOHC) are organic substances with multiple, 
aromatic double bonds, which can be reduced with hydrogen in a reversible reaction to 
their saturated state: 
 
 
Scheme 27: Liquid Organic Hydrogen Carrier based on N-Ethylcarbazole 
 
Scheme 27 shows a prominent LOHC based on N-Ethylcarbazole; this promising 
ambient liquid carrier system (186) (187) shows high gravimetric and volumetric storage 
capacity (see Figure 11, page 60). Drawbacks are the high temperatures (>250 °C) 
required for releasing the H2 in an endothermic reaction, high pressure and temperatures 
required for reloading the carrier, the flammability and the vapor pressure of the material, 
leading to contamination of the released hydrogen. 
 
Studying the thermal stability of alkali borohydrides in our labs, the author found in 
agreement with a very few literature data available (188), that it increases in the order 
LiBH4 < NaBH4 < KBH4 < CsBH4 or – in other words – it increases with increasing ion 
radius and decreasing charge density of the cation. The same order was found by the 
author when investigating the hydrolytic stability of these borohydrides. This effect might 
be explained by the increased local acidity of water molecules, forming hydrogen bonds 
to the alkali metal cations as shown in Scheme 28: 
 
 
 
Scheme 28: Increased local acidity of water by interaction  
with Lewis-acidic metal cations Me+ 
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Scheme 28 shows the water molecule solvation of the BH4-anion: The negative charged 
hydrogen of the borohydride is forming hydrogen bonds to the partially positive charged 
proton of the water molecule. If an alkali metal cation Me+ is acting as a Lewis acid and 
binds to the oxygen of the same water molecule, negative charge will be attracted to this 
cation weakening the H-O bond and the water molecule will get more acidic. Borohydride 
is known to be hydrolytically instable forming hydrogen gas and metaborate, with an 
approx. 10-fold increase of the kinetics per decrease of one pH unit (184). The strength 
of the Lewis acidity of the alkali metal cations is a function of charge density, with Li+ 
being most and Cs+ being least Lewis acidic. However, this observation allows for 
assumption, that quaternary ammonium borohydrides – with even bigger cations – 
should have increased stability and might be liquid at room temperature, forming a new 
group of hydrogen storing materials, which were named “Ionic Liquid Hydrogen 
Carriers (ILHC)”. Using the CBILS® synthetic route, it was possible to involve the basic 
and therefore stabilizing (184) quaternary methylcarbonates to the desired quaternary 
borohydrides: 
 
 
Scheme 29: Synthesis, H2 release and recycling of the TOMA-BH4 / TOMA-BO2 system 
  
Scheme 29 shows the synthesis and application of trioctylmethylammonium borohydride 
(TOMA-BH4) as an ILHC-model substance. Starting from the quaternary 
methylcarbonate [379], which is readily available via the CBILS® route and free of 
halogens20, the corresponding borohydride can be synthesized in a very simple ion 
exchange reaction [380]: The starting material [379] can be dissolved in water and reacts 
                                               
20 Halides are poisoning the hydrogen-release-catalyst 
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with one molar equivalent of sodium borohydride under spontaneous formation and 
phase separation of the water immiscible ILHC TOMA-BH4 [381]. This material is stable 
against hydrolysis, shows a long term stability (years), a decomposition point of 
>>80 °C and it even withstands short (<15 min) expositions to temperatures as high as 
150 °C. As a typical ionic liquid it virtually has no vapor pressure even at elevated 
temperatures and therefore is inflammable below its high thermal decomposition point; 
consequently it is inherently safe. 
In order to release hydrogen gas from ILHC [381] on demand – e.g. in automotive 
vehicles – it is reacted with a small stoichiometric excess of water under catalysis of 
platinum or palladium, 
TOMA-BH4 + 2 H2O  TOMA-BO2 + 4 H2   [382] 
forming hydrogen gas in a low exothermic reaction [382]. Since TOMA-BH4 is water 
immiscible the catalytic system is designed as a three phase system with an emulsion 
ionic liquid / water (formed directly before H2 release by mixing) and the solid catalyst: 
 
 
Figure 12: TOMA-BH4 / water / catalyst three phase reaction system 
Figure 12 shows the TOMA-BH4 rich ionic liquid phase with emulsified water droplets on 
the left side, reacting with the solid catalyst surface, releasing hydrogen gas bubbles and 
forming the trioctymethylammonium-metaborate (TOMA-BO2) rich phase on the right 
side. Similar to conditions of reaction [380], TOMA-BO2 [383] can be reacted with 
aqueous solutions of NaBH4 to recover TOMA-BH4 [381] under formation of sodium 
metaborate NaBO2 in a simple liquid ion exchange process [384]. The formed NaBO2 is 
the industrial starting material to synthesize NaBH4 and so the two cycles are closed. 
Summing up the TOMA-cation based technology, the TOMA-cation works as a “vehicle” 
for the borohydride anion, liquefying and stabilizing BH4– and delivering hydrogen gas on 
demand. 
 
From an energetical point of view the recycling process of sodium metaborate to the 
sodium borohydride is the crucial step of the technology. A number of processes, being 
state of the art – e.g. the Schlesinger-Brown process (189) (190) or the Bayer process 
(191) (192) – are operating globally in the 1000 tons/year magnitude and will be too 
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expensive for ILHC mass applications, mainly because of their high energy demand. In 
the last decade there was a growing interest for the production of sodium borohydride as 
hydrogen storing material from sodium metaborate at lower costs and a lot of papers 
were published and patents claimed (193). 
 
Scheme 29 shows the ILHC-cycle on the example of the model substance 
trioctylmethylammonium borohydride (TOMA-BH4), which has a gravimetric capacity of 
1,9%w and a volumetric capacity of 15 g/l hydrogen gas and could proof the principle in 
two industry projects together with OMV E&P GmbH, the Technical University of Graz, 
the Montanistic University of Leoben and HyCentA Research GmbH. This innovative 
technology was patented and granted internationally, see 3.4.13 “Patent: Method of Use 
of an Ionic Liquid for Storing Hydrogen”. In the meantime the storage capacity of ILHC 
based on quaternary borohydrides could be improved exceeding 4 %w and 45 g/l 
hydrogen capacity (see “ILHC” in Figure 11); by reducing size and branching of the 
original TOMA-cation’s alkyl chains, the molecular weight decreased and the hydrogen 
storage capacity increased accordingly.  
 
These improved ionic liquid hydrogen carriers are hydrophilic in contrast to TOMA-BH4 
and solid at room temperature; they had to be formulated with water or 1N sodium 
hydroxide solution in order to get a liquid phase. In contrast to TOMA-BH4 shown in 
Figure 12, the water and the improved ionic liquid hydrogen carrier now formed a single, 
homogenous phase, which increased the hydrogen release kinetic at the catalyst surface 
by far. Again these improved ionic liquid formulations showed strongly increased 
hydrolytic stability compared to sodium borohydride:  
 
 
Figure 13: Decrease of hydrogen storage capacity of sodium borohydride and ionic liquid 
borohydride formulations21 in 1N NaOH, all containing initially 3 %w H2, at room temperature. 
                                               
21 TMPA = trimethyl-iso-propylammonium; structure IL2, IL3 confidential property of proionic GmbH 
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Figure 13 shows the decrease of hydrogen storage capacity of sodium borohydride and 
ionic liquid borohydride formulations in 1N NaOH at room temperature over a period of 
more than two years. The hydrogen capacities were determined by means of 
argentometric titrations and gasvolumetry. Within the borders of statistical errors it can 
be seen clearly, that the ionic liquid borohydride formulations show superior stability over 
sodium borohydride and hardly change their capacities over this long period of time, 
whereas the sodium borohydride formulation lost almost 60% of its initial hydrogen 
content.  
 
Some highly efficient synthesis of low molecular weight imidazolium, piperidinium and 
pyrrolidinium based ionic liquid borohydrides were described in the literature using an 
interesting combination of liquid ammonia and chloromethane at 200 K as only feasible 
solvent system, developed by Krossing et al. (194). However, this procedure would not 
be competitive for industrial production. In our recent experimental work we have found, 
that such ionic liquid borohydrides can be synthesized in aqueous media at room 
temperature: 
 
On example of a representative water soluble ionic liquid borohydride, Scheme 30 shows 
a typical reaction cycle: Starting from aqueous iso-propyl-trimethylammonium-
methylcarbonate solution [387] as halide free22 CBILS®-precursor, a solution of sodium 
borohydride in e.g. 1N NaOH is added under stirring and a homogeneous mixture is 
formed. Upon addition of a so called “phase separation inducer” A+B- (e.g. NaOH, 
K2HPO4, NaBO2, KCl, Na2SO4 and other chaotropic salts, see 3.4.14) [389] the mixture 
splits spontaneously into two liquid phases [390] and [391], which can be decanted after 
settling. The bi-phasic system consist of the long term stable, aqueous iso-proply-
trimethylammonium borohydride solution [392] and the sodium methylcarbonate solution, 
containing the phase separation inducer [391]. To release hydrogen gas on demand, the 
product [392] is brought into contact with precious or non-precious metal catalysts based 
on Pt-Pd or Li-Co-W alloys at room temperature, by flowing through a reaction cell. The 
iso-proply-trimethylammonium borohydride hydrolyses spontaneously forming H2 and the 
metaborate [394]. The metaborate can be recycled back to the borohydride in a process 
analog to the initial production process described above, again by addition of sodium 
borohydride solution under stirring, addition of a “phase separation inducer” A+B- and 
splitting the two phases [396] and [397]. The formed sodium metaborate is the industrial 
starting material to produce sodium borohydride (193), which closes both reaction 
cycles.  
 
                                               
22 Halide deactivates the catalyst used in [393] over long term and is corrosive. 
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Scheme 30: Synthesis, use and recycling of isopropyltrimethylammonium-borohydride as 
example for water soluble ionic liquid borohydrides. 
It has to be noted, that in the processes described in Scheme 30, the mixing behavior 
of the liquid phases with water can be switched on and off by addition of the “phase 
separation inducer”. This opens the opportunity to keep the ionic liquid hydrogen carrier 
[392] homogenous in aqueous solution, to increase the hydrogen release rate in contact 
with the catalyst on the one hand. On the other hand, the ionic liquid hydrogen carrier 
gets water immiscible when needed, in order to use water as the reaction medium 
instead of organic solvents and isolate the product by easy phase separation instead of 
distillative work up. This procedure was patented and granted internationally, see 3.4.14 
“Patent: Use of an Ionic Liquid for Storing Hydrogen”.  
The ILHC-technology has been successfully developed 
up to a demonstration stage (see Figure 14). The 
safety of the ILHC-storage for automotive applications 
has recently been demonstrated at Frauenhofer ICT in 
Germany (195), by applying extremely harsh 
conditions of a gunfire-test according to standards ISO 
11119-3:2002 and NGV2;2007: This test is usually 
applied by car manufacturers in order to investigate the 
safety of compressed or cryogenic hydrogen or natural 
gas tank systems under a high velocity impact. The test setup included use of tracer 
ammunition (burning pyrotechnic charge in the base) and flame impingement (burning 
Figure 14: 100W Demo ILHC-
Auxiliary Power Unit 
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propane gas enwrapping the tank) in order to ignite any produced hydrogen gas and 
aerosol. As confirmed by Frauenhofer ICT, the ILHC-tank passed the validated test 
without any signs of explosion or ignition (see Figure 15, burning tracer bullet passing 
from right to left).  
 
Figure 15: Gun fire test, Nato DM21A3 tracer ammunition, high speed camera 10.000 fps 
 
In conclusion, the ILHC-storage is liquid and non-pressurized at ambient conditions, non-
flammable, long term stable, shock-proof, safe and shows system storage capacities 
comparable to the state of the art. Efforts in order to significantly bring down investment 
costs and operational costs of this storage are ongoing. 
 
3.3.7 ILTEC®: Inherently safe cooling media for the metallurgical industry.23 
The state of the art cooling medium in the metal 
producing and processing industry is still water, being 
cheap, effective and easily available. However, water has 
some major drawbacks: First, water cannot be operated 
at temperatures above ~150 °C due to vapor pressure 
restrictions. Metal surfaces of process-aggregates at this 
temperatures being in contact with common oven gases 
containing e.g. H2O and SOx, run into danger of being 
heavily corroded by formation of liquid SO3 or H2SO4, due 
to falling below dew point. Refractories e.g. magnesite 
are running into danger of being hydrated at such low 
temperatures, which results in shorter lifecycles. Second, in case of accidental release of 
water with direct contact to molten metals at temperatures typically in the range of 
1000 °C  - 1500 °C, physical steam-explosions and subsequent chemical detonating gas 
explosions in case of reductive metals, result in devastation of the aggregates and high 
risk of lethal injury of staff members (196). 
                                               
23 ILTEC® and IL-B2001® are registered trademarks of Mettop GmbH 
Figure 16: Steel casting 
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In our experiments it was observed that certain types of high-temperature stable ionic 
liquids are destroyed in contact with the molten metals, but unexpectedly do not 
explode and show surprisingly mild reactivity (see Figure 18). This observation is 
valuable for using ionic liquids as inherently safe cooling media in the metallurgical 
industry and the invention was patented and granted internationally, see 3.4.15 “Patent: 
Ionic liquids for Cooling in High Temperature Environments”. It turned out, that the 
reactivity of ionic liquids with molten metals (explosive formation and ignition of gaseous 
decomposition products) correlates especially with the hydrogen content of the ionic 
liquids, which should be as low as possible and at least ≤ 8,5%w. Together with the 
Austrian company Mettop GmbH, this technology was jointly developed and 
commercialized: The high temperature cooling medium IL-B2001®23 proofed it’s 
applicability under real world, heavy industry conditions for almost two years now at 
several reference customers (see Figure 17) and is manufactured at proionic GmbH at 
ton-scale (197). It can be operated at 200 - 250 °C for years and overcomes all 
drawbacks of the cooling medium water listed above.24 Applications based on the 
substitution of water include tap holes, furnace roofs, off-gas junctions and anode 
furnace mouths. Completely new applications - which could not be realized with water at 
all - include furnace bottoms and side walls below bath level, tuyere zones, purging 
plugs, TSL lance tips and measurement lances. A low content of halides – especially 
chloride and bromide – was mandatory for a controllable corrosion rate, which could be 
realized only by using the CBILS®-process. Preliminary, unpublished scientific results of 
the empirically observed performance of ILTEC® cooling media presume the formation of 
mainly non-gaseous reaction products of the ionic liquid with the metal-melt, explaining 
the observed low gas volume. In addition the mainly non-gaseous reaction products 
would explain, why fluorine containing ILTEC® ionic liquids form only traces of HF gas in 
contact with diverse molten metals at different temperatures, as confirmed in validated 
experiments; it is assumed, that most of the ionic liquid’s fluorine forms nonvolatile metal 
fluorides instead of HF. In addition to the aforementioned it is assumed, that the low 
content of hydrogen atoms in the ionic liquid prevents the formation of hydrogen gas or 
hydrocarbons, which is supported by the observed low flame volume. 
                                               
24 Additional properties: Melting point <15°C, density 1.1352 g·cm-3 (200°C), vapour pressure 8.5 Pa 
(200°C), viscosity 2.6 mPa·s (170°C), volumetric heat capacity 1.928 J·cm-3K-1 (200°C), enthalpy of thermal 
decomposition: +690 kJ·kg-1, TOnset = 418°C (TGA, 2K/min, Ar), no flash point according to EU-Method A.9,  
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Figure 17: ILTEC® pumps and valves unit  as installed at Nyrstar, Norway; side wall cooling of a 
zinc-oxide furnace, in operation since January 2015 (©Mettop GmbH, with friendly permission) 
 
 
 
Figure 18: Experimental introduction of a large volume of IL-B2001® into 300 tons of molten 
copper at ~ 1200 °C, demonstrating complete safeness. 
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3.4 Publications & Patents 
3.4.1 Patent: Method for Producing Ionic Liquids, Ionic Solids or Mixtures Thereof  
R. Kalb, W. Wesner, R. Hermann, M. Kotschan, M. Schelch, W. Staber; 
WO2005021484; applied and granted in US and EP. 
 
R.Kalb invented the basic concept of the claimed method; furthermore he performed all 
of the conceptual and practical experimental work and evaluated the vast majority of the 
results. He wrote the manuscript as well. His overall contribution is about 90%. 
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3.4.2 Patent: Method for Producing 1,3-Heteroaromatic Carbonates Devoid of 
4-Carboxylate 
R. Kalb, WO2008052861 (withdrawn for strategic reasons) 
 
R. Kalb invented the claimed method, performed all of the conceptual and most of the 
practical experimental work and evaluated the results. He wrote the manuscript as well. 
His overall contribution is about  90%. 
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3.4.3 Patent: Method for Reacting 1,3-Heteroaromatic 2-Carboxylates with Water 
R. Kalb, WO2008052863, applied and granted in the EU. 
 
R. Kalb invented the claimed method, performed all of the conceptual and most of the 
practical experimental work and evaluated the results. He wrote the manuscript as well. 
His overall contribution is about  90%. 
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3.4.4 Patent: Method for Producing Quaternary Carbonates 
R. Kalb, WO2008052860; applied and granted in the EU. 
 
R. Kalb invented the claimed method, performed all of the conceptual and most of the 
practical experimental work and evaluated the results. He wrote the manuscript as well. 
His overall contribution is about  90%. 
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3.4.5 Carbonate based ionic liquid synthesis (CBILS®): thermodynamic analysis 
 
Roland S. Kalb,* Elena N. Stepurko, Vladimir N. Emel’yanenko and Sergey P. Verevkin; 
Phys.Chem.Chem.Phys., 2016, 18, 31904 
(DOI: 10.1039/c6cp06594e; reproduced with permission from the PCCP Owner Societies.) 
 
R. Kalb invented the CBILS®-process and developed it up to a technical and 
commercialized scale; all experimental screening data and most of the concepts used in 
this paper are based on his work. He performed all of the practical experimental work, 
main parts of the quantum-chemical calculations and evaluated and interpreted the 
results. He wrote most of the manuscript as well. His overall contribution is about  80%.  
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Carbonate based ionic liquid synthesis (CBILSs):
thermodynamic analysis†
Roland S. Kalb,*a Elena N. Stepurko,b Vladimir N. Emel’yanenkobc and
Sergey P. Verevkinbd
Within the last decade the Carbonate Based Ionic liquid Synthesis (CBILSs) has developed towards a
widely applicable, greener and halogen free process for the industrial production of ionic liquids. A large
number of diverse starting materials have been screened experimentally, to explore the structural limits
of the core reaction step, which is the quaternization of nitrogen, phosphor or sulfur based nucleophiles
with carbonic acid dialkyl or diaryl esters to the corresponding quaternary alkyl- or arylcarbonates. In
order to overcome the large experimental effort of empirical screening, a practical method based on
quantum-chemical calculation has been developed for an assessment of feasibility of chemical
reactions. This method has been successfully tested with 16 typical CBILSs reactions by calculation of
their thermodynamic functions. Thermodynamic equilibrium constants as a measure for the practical
yield of the CBILSs reactions at 298 K and 393 K have been determined for both the gaseous state and
the liquid state. The method has been evaluated by comparison of the theoretical results with
experimental data and it can be considered as the powerful tool to reduce ‘‘trial and failure’’ for the
industrial application of the CBILSs process.
1. Introduction
Ionic liquids (ILs) are neoteric materials with a scope of
remarkable physicochemical properties like high thermal stability,
non-flammability, high electrical conductivity, low compressibility,
nano-structural organization1 and negligible vapor pressure
even at elevated temperatures.2 These attractive properties have
been utilized in diverse practical applications (ionic compressors,
thermo-fluids, sensors, storage of gases, electrolytes, production
of chemicals, functional materials, etc.).3 It is clear now that the
application of ionic liquids sooner or later will develop up to a
high volumemagnitude, with a consumption of some 10000 tons
a year or even much more. To serve such an industrial market
with high and consistent quality and cost effective and compliant
ionic liquid operating formulations, there is a need to develop
new synthetic strategies; they should preferably cover a broad
field of ionic liquid structures and overcome the major drawbacks
of current technical ionic liquid synthesis. A large number of
diverse synthetic reactions are known in the literature to synthesize
ionic liquids.4 However, particular drawbacks inherent to con-
ventional, industrial ionic liquid production methods are: the
use of hazardous and corrosive, halide containing starting
materials, the use of dry solvents and other auxiliary chemicals,
the generation of at least one molar equivalent of waste and
limited turnover numbers due to the position of the chemical
equilibria.5
The synthetic approach of quaternizing nitrogen or phosphor
nucleophiles using non-hazardous and halogen free dialkylesters
of carbonic acid and treatment of the formed quaternary alkyl
carbonates with Brønsted acid conjugated to the desired anion –
the so-called Carbonate Based Ionic Liquid Synthesis (CBILSs,
which is a registered trademark of proionic GmbH) – is a power-
ful alternative,5 overcoming the drawbacks of the conventional
routes; that’s why CBILSs has the potential to become a key
technology for the industrial ionic liquid synthesis. This
approach is already commercialized in the multi-ton scale for a
number of important products, but is still under development for
other products, because of the undesired formation of significant
amounts of by- and degradation products, which are not easy to
be removed economically in the industrial scale. However, the
most attractive features of the CBILSs process exceeding con-
ventional methods are the prevention of toxic and carcinogenic
chemicals, the complete absence of halogen based chemistry,
eliminating corrosive halides in the final product and above all
the avoidance of any waste (in contrast to at least one molar
equivalent of waste for conventional methods).
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A general scheme of the CBILSs route is presented in Fig. 1.
In short, the starting material (e.g. 1H-imidazole) is alkylated
at elevated temperatures of 80 1C to 130 1C by a carbonic
acid dialkylester R2CO3 to form 1-alkylimidazole. The formed
byproducts CO2 and the alcohol ROH can be recycled back to
R2CO3 upon the addition of a second molar equivalent of ROH
by catalytic, liquid phase or gas phase reactions6 Such type of
alkylation is known as a greener alternative to classical alkylation
reactions using toxic or carcinogenic reagents, and keeps the
whole CBILSs-route free of corrosive halogen right from the start.
The 1-alkylimidazole is reacted under an inert gas atmosphere
with the carbonic acid dialkylester R02CO3 in the corresponding
alcohol R0OH as solvent at typical temperatures of 373 K to 423 K
in an autoclave reactor under the optional use of a Lewis-acid
catalyst in a first reaction step, to form the desired key-
intermediate 1,3-dialkylimidazolium alkylcarbonate (cationmodule).
Again this step is a greener, halogen free alternative to classical
alkylation reactions.
To synthesize the final ionic liquid containing the desired
anion Z, 1,3-dialkylimidazolium alkylcarbonate is now reacted
with a Brønsted acid HZ (anion module) conjugated to the
anion Z, which hydrolyses the alkylcarbonate anion under the
evolution of CO2 gas and an alcohol R0OH. The formed CO2
shifts even a disfavored thermodynamic equilibrium to right
up to the quantitative completion of the reaction and 100%
conversion, which works for any Brønsted acid HZ with a pKa
smaller than 9. This reaction usually is very fast and performs
like titration, which is mandatory to hit the stoichiometric end
point accurately. After this the desired ionic liquid can be
obtained by the removal of the formed alcohol R0OH. Again
the formed byproducts CO2 and the alcohol R0OH can be
recycled back to the carbonic acid dialkylester R02CO3 upon
the addition of a second molar equivalent of R0OH by catalytic,
liquid phase or gas phase reactions.6 The complete reaction
sequence is free of waste from a theoretical point of view and
virtually free of waste in reality. By combination of diverse
cation modules and anion modules a large number of high
quality, halide free ionic liquids can be synthesized easily at the
industrial scale, making the CBILSs process very flexible.
The CBILSs synthetic route was empirically screened7 with a
large number of diverse nucleophilic nitrogen-, phosphor- or
sulfur-bases and a number of electrophiles other than dimethyl-
carbonate8 in order to evaluate the feasible chemical structures
and the limitations for the optimal yield of ionic liquids (general
experimental screening-setup see the ESI†). Some preliminary
results are presented graphically in Fig. 2. It has turned out that
the CBILSs process is successful for almost any imidazolium,
pyrrolidinium, piperidinium, morpholinium and phosphonium
based ionic liquids; however this route has failed to produce
pyridinium and pyrrolium based ionic liquids due to uncontrollable
condensation reactions leading to black, tarry products and
sulfonium-based ionic liquids, due to lack of reactivity.
Taking into account an almost countless number of possible
nucleophilic bases which could be involved in the CBILSs
process, it seems to be senseless to continue the ‘‘trial and
error’’ procedure for the screening of the promising precursors.
That is why the development of a quantum-chemical based
procedure for the thermodynamic analysis of the CBILSs
synthetic route has been the focus of the current work, in order
to compute equilibrium constants for ionic liquid synthesis
reaction first in the ideal gas phase and after that to recalculate
these equilibrium constants for the liquid phase, where they have
the practical application. The latter step requires knowledge on
Fig. 1 General concept of the carbonate based ionic liquid synthesis
(CBILSs) route.
Fig. 2 Feasibility derived for some different CBILSs cations by empirical screening.
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vapor pressures of the chemical reaction participants. The required
vapor pressure data were taken from our previous work.9–13 For
three additional promising electrophiles, namely vinylene
carbonate, 4-vinyl ethylene carbonate and methyl phenyl carbonate,
temperature dependence of vapor pressures has been measured by
using the transpiration method. These measurements have been
required in order to assess the feasibility of the ionic liquid synthesis
reactions based on these species.
2. Experimental details
and calculations
The samples of vinylene carbonate, 4-vinyl-ethylene carbonate,
and methyl phenyl carbonate having a mass-fraction purity of
97–99% were additionally purified by repeated distillation
under vacuum. Gas chromatography (GC) showed no discernible
amounts of impurities in carbonate samples after purification.
Temperature dependence of the absolute vapour pressures of
carbonates were determined using the method of transpiration14–17
in a saturated nitrogen stream (see details in the ESI†). In order
to prevent polymerization of vinylene carbonate and 4-vinyl
ethylene carbonate under experimental transpiration conditions,
samples were stabilized after distillation with 0.5 mass% of 3,5-
di-tert-butylcatechol. Additionally, surfaces of all glass pieces of
the experimental setup have been deactivated by rinsing with a
dilute solution of 3,5-di-tert-butylcatechol in acetone. Experimental
absolute vapor pressures measured using the transpirationmethod,
as well as values of vaporization enthalpyDglH

mðTÞ and vaporization
entropy Dgl S

mðTÞ are given in Table S1 (ESI†).
Quantum chemical calculations were performed using the
Gaussian 09 series of programs.18 We used the G3MP2 and G4
methods. Computational details were reported elsewhere.19
The thermodynamic properties of pure compounds and thermo-
dynamic functions of chemical reactions were evaluated using
standard procedures of statistical thermodynamics.20
3. Results and discussion
3.1 Thermodynamic background
A general reaction relevant for the CBILSs process on the
example of 1-ethyl imidazole can be expressed using eqn (1):
(1)
It is basic knowledge that chemical reactions usually occur
under thermodynamic and (or) kinetic control.21–23 Our previous
‘‘trial and error’’ results with the CBILSs process presented
graphically in Fig. 2, preliminarily indicated the successful
application for the imidazolium, pyrrolidinium, and phosphonium
based ionic liquids but the obvious failure was observed with the
pyridinium, pyrrolium and sulfonium-based ionic liquids and with
carbonic acid dialkylesters as electrophiles with saturated alkyl
groups longer than ethyl. Is it possible to get insight into the
feasibility of CBILSs with the help of thermodynamic calculations?
Such a possibility could reduce the amount of experimental efforts
as well as it will provide insight into the CBILSs process at the
molecular level. The thermodynamic analysis of a chemical
reaction is usually performed according to eqn (2):
DrG

m ¼ DrH

m  T  DrS

m ¼ RT  lnKP; (2)
where DrG

m is the change in the free energy of a chemical
reaction; DrH

m is the reaction enthalpy, and DrS

m is the change
in the entropy of a chemical reaction. This analysis provides not
only a qualitative indication of the feasibility DrG

mo 0
 
but
also the value of the gas-phase thermodynamic equilibrium
constant KP at any temperature of interest T. As a rule, for KP4
10 the yield of a chemical reaction is practically close to 99%.
Thermodynamic functions leading to the calculation of the
KP-value can be of an experimental origin or nowadays can be
reliably estimated using the quantum-chemical methods.24,25
In this work we used the G3MP2 and G4 methods to calculate
the DrG

m-values for the CBILS
s reactions and the KP-values
have been derived from eqn (2) (see Tables S2 and S3, ESI†).
In contrast to the common quantum-chemical calculations,
the CBILSs process is usually performed in the liquid and not
in the gaseous phase. That is why, the equilibrium constant, KP,
should be re-calculated to the liquid-phase thermodynamic
equilibrium constant Kx at any temperature of interest T. For
example, for the CBILSs process relevant reaction (1) the
thermodynamic constant Kx in the liquid phase can be calculated
by eqn (3):
Kx ¼ KP  P1-Et-imidazole;0  Pdi-R-carbonate;0
PIL;0
; (3)
where Pi,0 are the absolute vapor pressures of the pure reaction (1)
participants, and xi are mole fractions of reaction (1) participants.
Absolute vapor pressures for 1-ethyl imidazole and some common
alkyl-carbonates were available in the literature (see Table S4,
ESI†). Temperature dependences of vapor pressures for vinylene
carbonate, 4-vinyl-ethylene carbonate, and methyl phenyl carbonate
have been measured in the present work.
3.2 Vapor pressures and thermodynamics of vaporization
Vapor pressures of methyl phenyl carbonate have been measured
for the first time. Absolute vapor pressures of vinylene carbonate
and 4-vinyl ethylene carbonate available in the literature are
compared in Fig. S1 and S2 (ESI†). Our new experimental vapor
pressures for both compounds are in significant disagreement
with previous results. However, the absence of experimental
details in both earlier papers26,27 made it impossible to explain
the disagreement observed. The thermodynamic function of
vaporization derived from vapor pressure measurements (for
details see the ESI†) is compiled in Table 1. It has been
reasonable for the thermodynamic analysis of the CBILSs
process to select at least two different temperatures: the reference
temperature T = 298 K as well as T = 393 K. The latter temperature
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represents a typical value applied in the industrial synthesis.
Absolute vapor pressures of vinylene carbonate, 4-vinyl ethylene
carbonate, and methyl phenyl carbonate at both temperatures
are listed in Table 1 and they can be now used for calculations
of the liquid-phase thermodynamic equilibrium constant KN in
combination with the quantum-chemical results (Fig. 3).
3.3 Quantum chemical calculations for the CBILSs process
In order to understand reasons for the success or the failure of
the CBILSs process, extended computational studies of thermo-
dynamic functions of typical reactions (see Tables 2–4) have
been performed in this work. These results could give hints
whether these reactions occur under thermodynamic control
or not. This study also contributes to our primary interest in
applications of experimental and computational thermo-
chemistry methods for providing the basic data required in
the design of the chemical-process.21–25
In this work, we have applied the G3MP2 method for the
optimization of structures of the free cation and the free anion,
followed by optimization of the ion pair. Electronic energies at
0 K, molecular structures in the lowest energetic state, and all
vibrational frequencies of each species have been obtained.
Based on these quantum-chemical results the thermodynamic
functions such as standard molar Gibbs energies, the standard
molar enthalpies of formation, and the standard molar entropies
of chemical reactions according to the CBILSs process have been
calculated (see Table S2, ESI†). From the calculated DrG

m-values
the chemical equilibrium constants KP at 298 K and at 393 K in
the ideal gaseous state have been calculated according to eqn (2)
(see Table S3, ESI†). The temperature 393 K is practically relevant
to the CBILSs process. Calculations at the reference temperature
T = 298 K are practically irrelevant, but they provide a possibility
to assess the trend of the equilibrium constant KP temperature
dependences. The theoretical gas-phase thermodynamic data
including chemical equilibrium constants KP at 298 K and at
393 K are collected in Table S1 (ESI†). Using the KP-values of the
gas-phase reactions (2)–(16) calculated using the G3MP2 method
and given in Table S1 (ESI†), the thermodynamic constants Kx
in the liquid phase were calculated according to eqn (3) (see
Tables 2–4) using vapor pressure of pure compounds listed in
Table S4 (ESI†).
The results of the quantum-chemical calculations are referred
to the gas phase. The standard molar reaction enthalpies DrH

mðgÞ
in the gas phase are related to reaction enthalpies, DrH

mðliqÞ, in
the liquid state by the following equation:
DrH

mðliqÞ ¼ DrH

mðgÞ 
X
i
niD
g
lH

m;i; (4)
where DglH

m;i are the molar enthalpies of vaporization of the pure
compounds i at the reference temperature of 298 K. The latter
values for the molecular compounds involved in reactions (R1)–
(R16) are well established and they are usually available in the
literature. Enthalpies of reactions DrH

mðgÞ required for eqn (4)
were calculated (see Tables S2 and S3, ESI†) directly from H298
enthalpies of the reaction participants using G3MP2. These
theoretical gas-phase enthalpies of reactions DrH

mðgÞ can be
easily re-calculated to the practically important liquid phase
reaction enthalpies DrH

mðliqÞ as it is demonstrated for the
synthesis of 1-ethyl-3-methylimidazolium methylcarbonate
from 1-ethylimidazole and dimethylcarbonate (reaction (R1))
in Section 3.4.1.
3.4 Analysis of thermodynamic functions and equilibrium
constants of the CBILSs reactions: screening of substrates
3.4.1 Linear and branched aliphatic alkyl carbonates. The
most prominent example of the CBILSs process is the formation of
1-ethyl-3-methylimidazoliummethylcarbonate from 1-ethylimidazole
and dimethylcarbonate (reaction (R1)). In the gas phase the
Table 1 Experimental results from transpiration experiments for carbonates
Compound Methoda T-Range, K
DglH

m Tavð Þ,
kJ mol1
C

p;m Dgl C

p;m
 
b,
J K1 mol1
DglH

m
c (298 K),
kJ mol1 P298K
d, Pa P393K
d, Pa
Vinylene carbonate S 308.2–348.2 41.6  0.9e 135.6(45.8) 42.9  1.1
T 298.2–326.2 49.0  0.2 49.5  0.3 229 2700
4-Vinyl ethylene carbonate E 373–433 72.1  2.2f 192.1(60.5) 78.4  2.4
T 295.2–347.6 62.1  0.3 63.5  0.4 4.2 1500
Methyl phenyl carbonate E 378.8–487.7 49.7  0.2g 254.0(76.6) 60.2  0.7
T 283.5–353.2 62.5  0.3 63.8  0.4 14.5 5000
a Techniques: T = transpiration; S = static method; E = ebulliometry. b Values were calculated according to the procedures developed by Chickos
et al.28,29 (see details in the ESI). c Derived using the molar heat capacity differences Dgl C

p;m from column 5 (see details in ESI). Vapor pressure
available in the literature were in the same way as our own results. Recommended for thermochemical calculations values are given in bold.
d Calculated using vapor pressure temperature dependences (see Table S1, ESI). e From ref. 27. f From ref. 28. g From ref. 30.
Fig. 3 Structures of carbonates studied in this work.
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Gibbs energies (DrG

mðgÞ ¼ 39:9 kJmol1 at 298 K and DrG

mðgÞ ¼
18:5 kJmol1 at 393 K) are large positive and the IL synthesis
reaction is not favorable in the gas phase. Also the reaction
enthalpies of the (R1) in the gas phase (DrH

mðgÞ ¼ 1:2 kJmol1
at 298 K and DrH

mðgÞ ¼ 12:2 kJmol1 at 393 K) are rather small,
leading to the conclusion that the CBILSs reactions seem to be
entropy driven in the gas phase (DrS

mðgÞ ¼ 137:6 JK1 mol1 at
298 K and DrS

mðgÞ ¼ 12:2 JK1 mol1 at 393 K). In contrast,
this reaction in the liquid phase shows the value of the Gibbs
energy DrG

mðliqÞ ¼ 40:9 kJmol1 at 298 K and DrG

mðliqÞ ¼
61:6 kJmol1 at 393 K. The strong negative DrGmðliqÞ-values
are evidence that the reaction in the liquid phase is completely
product favorable and this conclusion is fully in accordance
with the experimental observation.
In order to assess the liquid phase reaction enthalpy,
DrH

mðliqÞ ¼ 35:7 kJmol1 at 298 K for (R1) according to
eqn (4), we used enthalpies of vaporization of the reaction
participants (see Table S2, ESI†). The large and negative reaction
Table 2 Equilibrium constants of the CBILSs reactions with aliphatic alkyl-carbonates
Reaction Kx 298K Kx 393K
2  107 6  1010
4  105 6  109
1  105 1  105
1  106 1  102
Table 3 Equilibrium constants of the CBILSs reactions with cyclic aliphatic alkyl-carbonates
Reaction Kx 298K Kx 393K
1.9 2  105
3  107 3  106
4  107 6  105
8  109 5  106
(R1)
(R2)
(R3)
(R4)
(R5)
(R6)
(R7)
(R8)
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enthalpy is the evidence of strong exothermic reaction in agreement
with the practical observation. Thus, typically for the exothermic
processes the increasing temperature enhances the equilibrium
constant and the appropriate yield of the desired ionic liquid.
The liquid phase thermodynamic equilibrium constants
Kx = 2  107 at 298 K and Kx = 6  1010 at 393 K have been
calculated by eqn (3) with help of vapor pressures of reaction
participants (see Table S4, ESI†). Such high equilibrium constants
at ambient temperatures as well as at elevated temperatures can
serve as evidence that the equilibrium of reaction (R1) is virtually
shifted to the product formation and that the practical yield of ILs
for this model reaction is completely stipulated by the kinetics of
this process. Under real conditions used for the commercial
production of 1-ethyl-3-methylimidazolium methylcarbonate, the
reaction reaches a turnover of 499% under Lewis acid catalysis
after 3 days at 140 1C and 16 bar pressure and after 1 hour at 463 K
and 65 bar pressure; at room temperature the reaction is too slow.
It is important to trace the impact of the alkyl chain length
and the chain branching of the alkyl-carbonates in order to
extend the diversity of the prepared ionic liquids as well as to
assess the feasibility of the CBILSs process for the branched
species. For this purpose we performed the quantum-chemical
calculations for reactions (R2) and (R4) where di-ethylcarbonate,
di-iso-propylcarbonate, and di-tert-butylcarbonate were applied
as the alkylating reagents. As can be seen from Table 2, the
equilibrium constant for reaction (R2) (alkylation of ethyl-imidazole
with di-ethylcarbonate) remains high, but of 1–2 orders lower in
comparison to reaction (R1) with di-methylcarbonate. For reaction
(R3) with di-iso-propylcarbonate, the thermodynamics still predicts
the high equilibrium constant in spite of significant branching of
the alkyl chains of alkylcarbonate. However, for reaction (R4) with
di-tert-butylcarbonate, the thermodynamics is already unfavorable
(and Kx = 1  102 at 393 K, see Table 2). Thus, the CBILSs
reactions with the branched species are obviously not thermo-
dynamically favorable.
3.4.2 Cyclic aliphatic alkyl carbonates. The cyclic aliphatic
alkyl-carbonates like ethylene carbonate, vinylene carbonate,
4-vinyl ethylene carbonate, and glycerol carbonate are very
interesting initial species for the CBILSs process (see Table 3,
reactions (R5)–(R8)). According to the thermodynamic analysis,
reaction (R5) of 1-ethylimidazole with ethylene carbonate is
significantly temperature dependent (Kx = 1.9 at 298 K and
Kx = 2  105 at 393 K). Subsequently, a good yield of the IL in
this reaction can be expected only at elevated temperatures.
It has turned out that in contrast to the rather slow reaction rates
of dimethylcarbonate and diethylcarbonate with 1-ethylimidazole,
the cyclic carbonic acid esters (e.g. ethylene carbonate) readily react
with nucleophiles (e.g. 1-ethylimidazole) at 393 K and produce
a zwitterionic IL (see Table 3). It seems to be that the ring-
strain of the cyclic carbonate is released in the course of the
reaction and this additional energy is advantageous for
the kinetics and thermodynamics of the CBILSs process. The
same conclusion is also valid for the vinylene carbonate based
reaction (R6). Surprisingly, the 4-vinyl ethylene carbonate and
glycerol carbonate based reactions (R7) and (R8) are thermo-
dynamically not favorable, may be due to the branching of the
alkyl chain of the zwitterionic ionic liquids.
3.4.3 Aromatic alkyl carbonates and unsaturated aliphatic
alkyl-carbonates. During the SN2-transition state of the quaternary
carbonate formation (see Fig. 1) steric and electronic effects
influence the rate of reaction. Positive and negative charges are
formed and they have to be separated from each other. The
latter process requires a certain amount of energy. Therefore the
stabilization of the negative charge appearing at the anion is a
crucial process and determines the quality of this leaving group.
One possible way to stabilize this negative charge is delocalization
Table 4 Equilibrium constants of the CBILSs reactions with aromatic alkyl-carbonates and unsaturated aliphatic alkyl-carbonates
Reaction Kx 298K Kx 393K
5  104 3  104
1  105 4  109
2  103 3  108
3  105 6  109
3  106 3  1010
(R9)
(R10)
(R11)
(R12)
(R13)
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by aromatic and non-aromatic p-electron systems by using aromatic
carbonates as precursors of the CBILSs process.
The results for reactions (9)–(11) having methylphenyl-,
diphenyl- and dibenzylcarbonate as precursors show that
these reactions are thermodynamically favorable with very high
equilibrium constants even at 298 K (see Table 4). Surprisingly,
reaction (9) between methylphenylcarbonate and 1-ethylimidazole
is practically independent of temperature. At the same time the
formation of 1-phenyl-3-ethylimidazolium phenylcarbonate and
1-benzyl-3-ethylimidazolium benzylcarbonate is significantly
larger at elevated temperatures (see Table 4).
Preliminary experiments with aromatic carbonates have
shown very good yields of appropriate ionic liquids at 393 K for
the phenylation and benzylation reactions (9)–(11) in agreement
with the quantum-chemical prognosis.
According to the quantum-chemical calculations, the corres-
ponding vinylation (reaction (12)) and allylation (reaction (13))
of 1-ethylimidazole are thermodynamically favorable, but pre-
liminary experiments have shown low reactivity of appropriate
carbonates. Obviously the stabilization of the formed negative
charge is not sufficient in a single double bond system and
reactions (12) and (13) occur under kinetic control.
3.4.4 Amines and alkyl-sulfides as precursors for the
CBILSs reactions. Alkyl-imidazoles are broadly used as precursors
in ionic liquid synthesis reactions. However, these materials are
quite expensive and a search for less expensive precursors for the
CBILSs reactions could significantly extend the portfolio of the
commercially available ionic liquids. In order to test the ability of
the quantum-chemical calculations to predict yields of ionic
liquids by using the CBILSs process we selected three typical
reactions (14)–(16), where preliminary experimental studies have
shown moderate to poor results. For example, for the formation of
quaternary triethylmethylammonium methylcarbonate the pre-
cursors triethylamine and dimethylcarbonate were reacted at
393 K slower than expected for these rather small molecules and
complete conversion of the starting materials took a few days.
This experimental finding corroborates with the results from
quantum-chemical calculations where only a moderate equilibrium
constant Kx = 0.6 (see Table 5) was estimated even at 393 K.
Surprisingly it was found that sulphur nucleophiles e.g.
diethylsulfide in reaction with dimethylcarbonate (reaction
(15)) are not reactive at all. This experimental result was quite
unexpected, since sulfur compounds are known to be very good
nucleophiles on the one hand, but maybe are too soft to react
with the hard electrophile dimethylcarbonate according to the
HSAB concept.31 In any case, the calculated equilibrium constants
for this reaction Kx are very low at a level of 10
4 to 106 (see
Table 5) and consistent with this observation. The cyclic tetra-
hydrothiophene was expected to be more reactive due to ring
strain and electronically activated and less shielded electron
lone pairs at the sulfur atom. But even the ring strain as in
tetrahydrothiophene (reaction (16)) does not change this unreactive
behavior and it is supported with the extremely low equilibrium
constants Kx at the level of 10
6 to 109 (see Table 5).
In summary, the results of the G3MP2 quantum-chemical
computation for the reactions presented in Tables 2–5 are able
to assess the overall yield of the ionic liquid in the CBILSs
reactions. The computational procedure, which combines
quantum-chemical and experimental methods, is a versatile
and useful tool in the planning and explanation of reactions
with quaternary methylcarbonate salts. A systematic application of
this procedure for diverse pairs of precursors for the CBILSs process
will help to reduce experimental efforts by screening of substrates as
well as for the optimization of temperature management for the
synthesis at the industrial scale.
3.5 Gas-phase enthalpies of formation of possible alkyl
carbonates as precursors of CBILSs reactions
Chemical reactions of ionic liquid synthesis according to the
CBILSs process are exothermic and careful heat management
is essential for the safety of the industrial process and for the
quality of the IL. In this context enthalpies of formation of alkyl
carbonates used as possible precursors are of practical interest.
They are required for the calculation of the reaction heat
according to Hess’s law. In this work we have calculated the
gas-phase standard molar enthalpies of formation, DfH

mðgÞ, of
different carbonates with help of the two high-level quantum-
chemical methods G3MP2 and G4. The G3MP2 method was
Table 5 Equilibrium constants of the CBILSs reactions of amines and alkyl-sulfides with dimethyl-carbonate
Reaction Kx 298K Kx 393K
4.0 0.6
9  106 1  104
1  109 5  106
(R14)
(R15)
(R16)
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successfully tested for alkyl carbonates in our previous work.11,12
The latest G4 method from the G*-family is comparably more
time consuming but it was found to be more accurate with a mean
absolute deviation of 3.5 kJ mol1 tested with 483 molecules of
different structures and sizes in the G3/05 test set.32 Demonstration
of agreement between two independent theoretical methods as
well as with available experimental results can provide strong
validation for both results and to establish thermochemical data
of benchmark quality. Enthalpies H298 calculated by G3MP2 and
G4 were converted to enthalpies of formation DfH

mðg; 298:15KÞ
using the conventional atomization reaction (e.g. for dimethyl
carbonate): C3H6O3 - 3C + 6H + 3O. The results of quantum
chemical calculations are given in Table 6. As can be seen from
this table the results from the G3MP2 method are mostly within
Table 6 Enthalpies of formation DfH

mðgÞ of alkyl carbonate precursors calculated by the G3MP2 and G4 method (in kJ mol1)
CAS Carbonate Exp. G3MP2 G4
616-38-6 Di-methyl carbonate 570.7  0.6 569.5 573.6
105-58-8 Di-ethyl carbonate 637.9  0.9 638.4 640.6
96-49-1 Ethylene carbonate 510.7  0.9 508.4 512.5
108-32-7 Propylene carbonate 553.9  0.8 552.3 556.0
4437-85-8 Butylene carbonate 576.7  1.2 573.7 578.3
872-36-6 Vinylene carbonate (410.4  2.1)a 395.8 398.8
4427-96-7 4-Vinyl ethylene carbonate 440.8 445.0
13509-27-8 Methyl phenyl carbonate — 436.6
4427-89-8 4-Methyl-1,3-dioxol-2-one 446.4 448.8
37830-90-3 4,5-Dimethyl-1,3-dioxol-2-one 495.1 497.0
4427-92-3 4-Phenyl-1,3-dioxol-2-one — 417.4
2171-74-6 1,3-Benzodioxol-2-one 373.2 369.9
7570-02-7 Diethenyl carbonate 379.5 378.3
931-40-8 Glycerol carbonate — 703.3
a Calculated from the experimental value DfH

mðliq; 298KÞ ¼ 459:9 2:1 kJmol1 and the enthalpy of vaporization measured in this work (see
Table 1).
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3.5 kJ mol1 in agreement with those calculated using the G4
method. However, the G4 calculated enthalpies of formation are
somewhat more close to the available experimental results taken
from our previous work.11,12 The only available from the literature26
experimental result for vinylene carbonate is of 10 kJ mol1 more
negative than two theoretical consistent results from the G3MP2
and G4 methods. This experimental result should be considered as
questionable. Gas-phase enthalpies of formation of carbonates
recommended for practical application are given in Table 6
in bold. In our recent papers9–12 we suggested a convenient
group-contribution method for the estimation of vaporization
enthalpies, DglH

mð298:15KÞ, of diverse alkyl carbonates. In
combination with the results on the gas-phase enthalpies of
formation derived in this work, the liquid phase enthalpies of
formation, DfH

mðliq; 298KÞ, of alkyl carbonates interesting for
the CBILSs process can be easily calculated as the difference
between DfH

mðg; 298KÞ and DglH

mð298:15KÞ.
4. Conclusion
The method developed in this work opens a new way to obtain
the thermodynamic properties of ionic liquid synthesis reactions
by combining experimental and quantum-chemical data. This
procedure could be practically applied for the assessment of
yields and reaction parameters of a large scope of reactions
involved in the CBILSs process. With such a quantum-chemical
tool in hand, the speed of further improvement in today’s most
sustainable industrial ionic liquid production process will be
accelerated dramatically and the resulting increased applicability
and higher efficiency may be the key to make the CBILSs process
the globally leading ionic liquid production route in near future.
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Carbonate Based Ionic Liquid Synthesis (CBILS®): Thermodynamic Analysis
Roland S. Kalb,a,* Elena N. Stepurko,b Vladimir N. Emel’yanenko,b,d Sergey P. Verevkin b,c
a Proionic GmbH, A-8074 Grambach, Austria
b Department of Physical Chemistry, University of Rostock, Dr-Lorenz-Weg 1, 18059 Rostock, 
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c Competence Centre CALOR, Faculty of Interdisciplinary Research, University of Rostock, 
Albert-Einstein Str. 25, 18059, Rostock, Germany
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Kazan, Russia
Materials. The samples of vinylene carbonate [CAS-number 872-36-6], 4-vinyl ethylene 
carbonate [CAS-number 4427-96-7] (purchased from Sigma-Aldrich), and methyl phenyl 
carbonate [CAS-number 13509-27-8] (purchased from Alfa Aesar) having a mass-fraction purity 
of 97-99% were purified by repeated distillation in vacuum. Gas chromatography (GC) showed 
no traceable amounts of impurities in carbonates after they were purified. The samples were 
analysed with a Hewlett Packard gas chromatograph 5890 Series II with a flame ionization 
detector and Hewlett Packard 3390A integrator. The dimensions of the capillary column HP-5 
(stationary phase crosslinked 5% PH ME silicone) were the following: the column length, inside 
diameter, and film thickness were 25 m, 0.32 mm and 0.25 m, respectively. The flow rate of a 
carrier gas (nitrogen) was 12.1 cm3·s-1. The starting point for the GC temperature program was 
323 K with a heating rate of 0.167 K·s-1 up until reaching 523 K temperature.
Vapour Pressure Measurements of Carbonates. Vapour pressures of carbonates were 
determined using the method of transpiration in a saturated nitrogen stream. About 0.5 g of the 
sample was mixed with small glass beads and placed in a thermostated U-shaped saturator. A 
well-defined nitrogen stream was passed through the saturator at a constant temperature (± 0.1 
K), and the transported material was collected in a cold trap. The amount of condensed sample of 
each compound was determined by GC analysis using an external standard n-C13H28. The 
absolute vapor pressure pi at each temperature Ti was calculated from the amount of the product 
collected within a definite period. Assuming validity of the Dalton’s law applied to the nitrogen 
stream saturated with the substance i, values of pi were calculated with equation:
pi = mi·R·Ta / V·Mi ; V= VN2 + Vi ; (VN2 » Vi) (1)
Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
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where R = 8.314462 J·K-1·mol-1; mi is the mass of the transported compound, Mi is the molar 
mass of the compound, and Vi its volume contribution to the gaseous phase. VN2 is the volume of 
the carrier gas and Ta is the temperature of the soap bubble meter used for measurement of the 
gas flow. The volume of the carrier gas VN2 was determined from the flow rate and the time 
measurement. Experimental results are given in Table S1. It was established that the total 
uncertainty of the data for this experimental technique was within the range from 1 to 3 % with 
the main source of errors attributed to the reproducibility of GC measurements.
Temperature dependence of vapor pressures pi measured for vinylene carbonate, 4-vinyl 
ethylene carbonate, and methyl phenyl carbonate were fit with the following equation:
(2),



0
,
g
l lnln T
TC
T
bapR mpi
o
where a and b are adjustable parameters and  is difference between isobaric molar heat o mpC ,
g
l
capacities of the gas, (g), and the liquid, (liq) given in Table 1 (see main text). Value T0 o mpC ,
o
mpC ,
appearing in equation (2) is an arbitrarily chosen reference temperature (which has been chosen 
to be 298 K) and R is the molar gas constant.
Vaporization enthalpies at temperature T were derived from the temperature dependence 
of vapor pressures using equation (3):
(3)TCbTH mpm  oo ,glgl )(
Vaporization entropies at temperature T were also derived from the temperature 
dependence of vapor pressures using equation (4):
(4))/ln(/)( gl
g
l
ooo ppRTHTS imm 
Experimental absolute vapor pressures measured by the transpiration method, coefficients a and 
b of equation (2), as well as values of (T) and (T) are given in Table S1. Procedure omH
g
l omSgl
for calculation of the combined uncertainties of the vaporization enthalpy was described 
elsewhere.1 It includes uncertainties from the transpiration experimental conditions, uncertainties 
in vapor pressure, and uncertainties in the temperature adjustment to T = 298 K.
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Table S1. Absolute Vapor Pressures p, Vaporization Enthalpies, , and Vaporization omH
g
l
Entropies, , Obtained by the Transpiration Method.omS
g
l
T/
Ka
m/
mgb
V(N2)
c /
dm3
Ta/
Kd
Flow/
dm3·h-1
p/
Pae
u(p)/
Paf
/omH
g
l
kJmol-1
/omS
g
l
JK-1mol-1
vinylene carbonate: (298.15 K) = (49.50.3) kJ.mol-1omHgl
ln(p/p°)  = 

 298.15
K,ln45.8
K),(
63244.9257.4 T
RTRR
298.2 3.64 0.460 296.7 0.92 229.2 5.8 49.59 115.8
299.6 4.08 0.456 293.0 0.91 256.0 6.4 49.53 115.7
301.1 3.09 0.321 296.7 0.92 278.9 7.0 49.46 115.4
302.5 9.47 0.895 294.2 0.89 303.3 7.6 49.39 115.1
303.1 2.25 0.204 296.7 0.91 319.5 8.0 49.37 115.1
304.5 4.81 0.393 294.7 1.00 350.9 8.8 49.30 114.9
305.5 4.65 0.357 295.5 0.89 374.7 9.4 49.26 114.8
305.9 6.21 0.460 296.7 0.92 389.4 9.8 49.24 114.9
306.3 11.51 0.833 296.6 1.00 398.3 10.0 49.22 114.8
307.5 5.05 0.334 294.2 1.00 431.5 10.8 49.16 114.6
307.9 3.83 0.258 296.7 0.91 428.0 10.7 49.14 114.3
308.5 5.13 0.325 295.5 0.89 453.8 11.4 49.12 114.4
310.4 5.71 0.324 294.2 1.02 503.2 12.6 49.03 114.0
310.9 5.03 0.281 296.7 0.91 516.4 12.9 49.01 113.9
311.4 17.37 0.921 295.5 0.89 541.1 13.6 48.99 113.9
312.8 4.77 0.237 296.7 0.91 579.6 14.5 48.92 113.6
313.4 5.35 0.258 294.2 1.03 591.0 14.8 48.89 113.4
314.3 12.50 0.560 295.8 0.88 640.7 16.0 48.85 113.5
315.3 8.02 0.341 296.9 1.00 676.6 16.9 48.81 113.3
316.3 8.54 0.338 294.8 1.01 723.1 18.1 48.76 113.2
317.3 10.55 0.399 295.8 0.89 758.1 19.0 48.71 113.0
317.3 10.78 0.408 296.6 1.02 759.4 19.0 48.71 113.0
317.8 6.36 0.232 296.7 0.92 787.6 19.7 48.69 113.0
319.3 10.01 0.337 294.8 1.01 848.5 21.2 48.62 112.6
320.3 8.14 0.264 296.5 0.88 886.2 22.2 48.58 112.4
322.2 14.20 0.404 295.8 1.01 1006.4 25.2 48.49 112.3
322.9 16.45 0.449 295.2 2.25 1047.2 26.2 48.46 112.2
323.2 9.14 0.243 295.4 0.89 1076.1 26.9 48.44 112.2
323.4 10.36 0.270 296.8 1.01 1103.3 27.6 48.44 112.3
325.2 12.05 0.285 295.8 1.01 1209.6 30.3 48.35 112.0
326.2 8.43 0.190 295.3 0.88 1266.6 31.7 48.31 111.8
4-vinyl ethylene carbonate: (298.15 K) = (63.50.4) kJ.mol-1omHgl
ln(p/p°)  = 

 298.15
K,ln60.5
K),(
81484.1285.3 T
RTRR
295.2 2.03 13.76 293.9 3.11 3.2 0.1 63.63 129.5
298.2 1.76 9.06 294.7 5.78 4.2 0.1 63.45 129.0
303.0 2.12 7.02 292.7 5.54 6.4 0.2 63.15 128.2
308.0 0.55 1.29 296.3 3.08 9.3 0.3 62.85 126.9
308.0 1.89 4.26 294.9 3.20 9.5 0.3 62.85 127.1
310.9 2.03 3.63 293.4 2.98 12.0 0.3 62.68 126.5
312.9 1.95 2.99 295.0 5.37 14.0 0.4 62.56 126.2
315.9 1.85 2.23 297.0 1.29 18.0 0.5 62.38 125.8
317.9 2.94 3.13 296.5 3.08 20.3 0.5 62.25 125.2
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322.8 2.05 1.49 297.4 5.27 29.8 0.8 61.96 124.5
327.8 2.14 1.10 296.3 1.30 41.9 1.1 61.66 123.4
330.7 1.82 0.783 295.3 2.94 50.1 1.3 61.48 122.8
332.7 1.70 0.651 295.8 1.30 56.4 1.4 61.36 122.3
335.2 1.91 0.617 295.4 1.09 66.7 1.7 61.21 121.8
335.2 2.66 0.825 296.3 1.05 69.7 1.8 61.21 122.2
337.7 1.93 0.545 295.2 1.36 76.1 1.9 61.06 121.1
339.2 2.07 0.505 295.8 1.08 88.4 2.2 60.97 121.3
342.6 1.81 0.371 294.0 1.39 104.8 2.6 60.76 120.3
345.1 2.44 0.409 296.1 1.07 128.5 3.2 60.60 120.3
347.6 4.61 0.652 294.1 3.13 151.5 3.8 60.46 120.0
methyl phenyl carbonate: (298.15 K) = (63.80.3) kJ.mol-1omHgl
ln(p/p°)  = 

 298.15
K,ln76.6
K),(
86644.8312.7 T
RTRR
283.5 1.48 6.49 295.3 5.49 3.7 0.1 64.93 144.2
288.4 1.57 4.32 295.6 5.29 5.9 0.2 64.55 142.9
293.3 1.46 2.53 294.1 1.01 9.3 0.3 64.18 141.7
298.2 1.63 1.82 296.0 0.99 14.5 0.4 63.81 140.5
303.2 1.87 1.37 295.2 1.55 22.0 0.6 63.42 139.2
308.0 1.77 0.862 295.9 1.03 33.2 0.9 63.06 138.2
312.9 1.98 0.660 295.3 1.04 48.4 1.2 62.68 136.9
317.8 1.58 0.379 295.6 1.03 67.4 1.7 62.31 135.4
322.8 1.53 0.259 295.4 1.04 95.5 2.4 61.92 134.0
327.7 1.77 0.213 295.3 0.91 134.4 3.4 61.55 132.9
328.3 6.63 0.743 295.2 2.41 144.0 3.6 61.50 133.0
333.3 6.49 0.528 295.4 2.44 198.6 5.0 61.12 131.7
338.2 5.21 0.304 295.3 0.91 276.3 6.9 60.74 130.6
347.2 6.73 0.213 295.3 0.91 510.3 12.8 60.05 129.1
353.2 16.35 0.371 295.2 2.48 710.2 17.8 59.59 127.6
a Saturation temperature (u(T) = 0.1 K). b Mass of transferred sample condensed at T = 243 K. c 
Volume of nitrogen (u(V) = 0.005 dm3) used to transfer m (u(m) = 0.0001 g) of the sample. d Ta 
is the temperature of the soap bubble meter used for measurement of the gas flow. e Vapor 
pressure at temperature T calculated from the m and the residual vapor pressure at T = 243 K 
estimated by iteration. f Standard uncertainty in p calculated with u(p/Pa) = 0.005 +0.025(p/Pa) 
for p < 5 Pa and u(p/Pa) = 0.025 +0.025(p/Pa) for p > 5 to 3000 Pa. 
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Table S2. G3MP2 calculated thermodynamic functions,   and  and omGr  mr H  mr S
thermodynamic equilibrium constants of the reactions (1-16) in the gas phase (KP) and in the 
liquid phase (Kx) at 298 K
o
mGr  mr H  mr SReaction
kJ.mol-1 J.mol-1 K-1
KP Kx
R1 39.8 -1.2 -137.6 1  10-7 1.5  107
R2 45.1 3.3 -140.1 1  10-8 3.9  105
R3 42.7 2.4 -134.9 3  10-8 1.3  105
R4 90.2 47.7 -142.9 2  10-16 1  10-6
R5 61.4 11.3 -168.0 2  10-11 1.9
R6 29.3 6.3 -77.2 7.3  10-6 3  107
R7 98.5 48.2 -169.0 5.1  10-18 4  10-7
R8 93.2 39.6 -179.9 5.1  10-17 8  10-9
R9 38.5 -9.3 -160.2 1.8  10-7 5  104
R10 22.4 -24.9 -158.4 1.2  10-4 1.4  105
R11 25.9 -19.7 -152.9 3  10-5 2.4  103
R12 45.2 4.4 -136.8 1  10-8 3  105
R13 35.6 -7.0 -143.1 6  10-7 2.5  106
R14 74.8 25.3 -166.1 8  10-14 3.8  103
R15 106.9 65.7 -138.3 2  10-19 8.7  10-3
R16 114.9 71.4 -145.7 7.1  10-21 9.6  10-5
Table S3. G3MP2 calculated thermodynamic functions,   and  and omGr  mr H  mr S
thermodynamic equilibrium constants of the reactions (1-16) in the gas phase (KP) and in the 
liquid phase (Kx) at 393 K
o
mGr  mr H  mr SReaction
kJ.mol-1 J.mol-1 K-1
KP Kx a
R1 19.5 12.2 -16.1 3  10-3 6.4  1010
R2 23.7 16.7 -18.6 7  10-4 5.8  109
R3 55.3 3.9 -130.7 4  10-8 1.1  105
R4 103.6 49.0 -139.0 2  10-14 1.2  10-2
R5 43.1 24.8 -46.5 2  10-6 2  105
R6 36.3 9.0 -69.3 1.5  10-5 3  106
R7 114.4 49.2 -164.8 6  10-16 6  10-5
R8 110.1 40.7 -176.6 2  10-15 5  10-6
R9 53.5 -8.0 -156.5 8  10-8 3  104
R10 3.1 -11.6 -37.4 4  10-1 3.5  109
R11 6.1 -6.3 -31.7 2  10-1 3  108
R12 23.8 17.7 -15.6 7  10-4 5.8  109
R13 14.8 6.4 -21.5 1  10-2 2.7  1010
R14 90.5 26.5 -162.9 9  10-13 5.7  102
R15 117.6 67.5 -127.4 2  10-16 1.2  10-4
R16 126.2 73.2 -134.7 2  10-17 5  10-6
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Table S4. Vapor pressures of Precursors Used for the CBILS® Process (in Pa)a
Precursor Vapor pressure
at 298 K
Vapor pressure
at 393 K
Ref.
1-ethyl-imidazole 26 6658 S1
di-methyl carbonate 7274 256107 S2
di-ethyl carbonate 1516 115960 S3
di-isopropyl carbonate 209 38260 S3
di-tertbutyl carbonate 24 8588 S3
ethylene carbonate 4.7 1442 S4
vinylene carbonate 229 2700 this work
4-vinyl ethylene carbonate 4.2 1500 this work
glycerol carbonate 0.01 34.5 S3
methyl phenyl carbonate 14.5 5000 this work
diphenyl carbonate 0.07 121 S5
dibenzyl carbonate 0.004 21 S5
diethenyl carbonate 1516 115690 S3
diallyl carbonate 209 38260 S3
trimethylamine 8500 230000 S6
diethyl sulfide 7781 217515 S7
tetrahydrothiophene 2448 97803 S7
a As the reference IL was taken [C2mim][NTf2] where reliable data on vapor pressures are 
available from ref. [S8]: 1.3×10-9 at 298 K and 9.3×10-5 at 298 K
0.0022 0.0027 0.0032 0.0037
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5
K/T
ln
(P
/P
a)
Figure S2. Experimental vapor pressures of the vinylene carbonate:
● - from ref. [S9] and ○ - from this work 
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Figure S3. Experimental vapor pressures of the 4-vinyl ethylene carbonate:
● - from ref. [S10] and ○ - from this work 
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Figure S4. Experimental vapor pressures of the methyl phenyl carbonate:
● - from ref. [S11] and ○ - from this work 
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General Experimental Procedure for Screening of CBILS® reactions. All 
chemicals were purchased from commercial sources with a purity >99%wt and used without 
further purification. Reaction screening and small scale synthesis was performed in 4 mL screw-
capped vials equipped with a PTFE stir bar. The vessels were sealed with PTFE seals and PEEK 
screw caps to resist pressures up to 20 bar. Heating occurred in a massive aluminum block, that 
was thermostated with an error of ± 1 K on a standard hotplate/stirrer under thermal control 
using an external contact thermometer.
Model reaction (1-Ethyl-3-methylimidazolium methylcarbonate synthesis): 288 mg (3 mmol, 
290 µL) 1-Ethylimidazole (nucleophile) was mixed with 432 mg (4.8 mmol, 404 µL) dimethyl 
carbonate and 1081 mg (60 %wt, 1369 µL) methanol. The reaction mixture was heated for 3 
days at 140°C to yield full conversion of 1-Ethylimidazole to 1-Ethyl-3-methylimidazolium 
methylcarbonate. Other nucleophiles were accordingly reacted at 80°C to 140°C with 1 to 2 
molar equivalent of a carbonic acid dialkyl- or diarylester and 0%wt to 75%wt of an alcohol, 
which is conjugated to the alkyl- or aryl-group of the carbonic acid ester, to prevent 
transesterification.
Analysis
Analytical HPLC analysis was performed using a Dionex Ultimate 3000 system that is combined 
with an Ultimate 3000 RS variable wavelength detector and a Corona Ultra RS charged aerosol 
detector. Measurements were carried out on a reversed-phase analytical column (SIELC, 
Primesep 200, 3.2 × 250 mm, particle size 5 µm) using a mobile phase consisting of 60%wt 
water and 40%wt acetonitrile, under subsequent addition of 0.22%wt trifluoroacetic acid to the 
eluent mixture. Samples were analyzed applying isocratic elution, a flow rate of 0.5 mL/min and 
a detection wavelength of 210 nm and/or charged aerosol detection. The formed 
methylcarbonate, alkyl- or arylcarbonate anion was quantified using standard aqueous 
acidimetric titration as well. 
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The Carbonate Based Ionic Liquid Synthesis (CBILS®) is one 
of the most advanced commercialized processes for the 
greener and halide free technical synthesis of ionic liquids 
(ILs). To meet the increasing demand on high purity ILs, a 
continuous flow method with improved space-time yield was 10 
developed. The quality of resulting ILs and IL-intermediates 
was confirmed to be ultra-high, by traditional analytical 
methods as well as by extremely sensitive combustion and 
solution calorimetry techniques. 
Ionic liquid (ILs) are amazing liquid materials with highly 15 
attractive physicochemical properties, among them superior 
thermal stability, de facto non-flammability, high electrical 
conductivity, nanostructural organization1, low compressibility 
and exceptionally low vapor pressure even at elevated 
temperature.2 These noticeable properties have already been 20 
applied in diverse technical processes and products, e.g. ionic 
compressors, sensors, thermo-fluids, electrolytes, storage of 
gases, production of chemicals, etc.3 Being a manufacturer of 
ionic liquids we recognize a significantly increasing demand on 
high purity ionic liquids within the last years, which results from 25 
a growing number of ionic liquid based high-tech applications 
e.g. in electronics, energy storage, nanotechnology, dye sensitized 
solar cells, functional materials etc.   
One of the most advanced commercialized methods for a greener 
industrial production of high-purity ionic liquids is our so-called 30 
Carbonate Based Ionic Liquid Synthesis (CBILS®, a registered 
trademark of proionic GmbH).4 This entirely halide and waste 
free process using carbonic acid esters as quaternization reagents, 
overcomes most of the drawbacks of conventional synthetic 
approaches and reduces the use of noxious chemicals to a 35 
minimum; it is scaled up to the multi-ton level. We recently 
published a detailed thermodynamic analysis of the CBILS® 
process, based on a quantum-chemical computations, which were 
validated by comparison with experimental results of 16 typical 
CBILS®-reactions.5 40 
Continuous flow (CF) processes - especially those using 
microstructured devices - are known to be very effective in 
organic synthesis: They allow improved and precise heat 
                                                 
a Proionic GmbH, A-8074 Grambach, Austria; Tel: +43 316 4009 4200; 
E-mail: roland.kalb@proionic.com 
b Department of Physical Chemistry, University of Rostock, Dr-Lorenz-
Weg 1, 18059 Rostock, Germany 
c Competence Centre CALOR, Faculty of Interdisciplinary Research, 
University of Rostock, Albert-Einstein Str. 25, 18059, Rostock, Germany 
† Electronic Supplementary Information (ESI) available: Details on 
experimental procedures and calculations. See DOI: 10.1039/b000000x/ 
management, safe handling of aggressive chemicals even under 
high pressure and temperature, superior mass transfer rates, easier 45 
scale up and frequently result in significant process 
intensification with enhanced yield, selectivity and purity.6 Such 
improved processes are known for the synthesis and application 
of ILs as well, which encouraged us to evaluate the CBILS® 
process under CF conditions. For details on the following section 50 
we refer to our Electronic Supplementary Information (ESI). 
 
The crucial step in the CBILS® process is the formation of the 
quaternized alkylcarbonate intermediate5, which is then reacted 
with Broensted acids to the final ionic liquid: The alkylcarbonate 55 
anion is protonated and hydrolyses under liberation of CO2 and 
formation of the corresponding alcohol, the Broensted acid is 
deprotonated forming the conjugated anion and the desired ionic 
liquid is obtained after removal of volatiles in vacuo. For high-
tech applications of ultra-pure ionic liquids, imidazolium and 60 
pyrrolidinium based structures are of high importance, that is why 
we have chosen to investigate the synthesis of the intermediates 
1-butyl-1-methylpyrrolidinium methylcarbonate (BMPyr-MC) 
and 1-ethyl-3-methylimidazolium methylcarbonate (EMIM-MC) 
under batch and continuous flow conditions. 65 
 
 
 
Scheme 2 and Scheme 1 show the reaction conditions for the 
synthesis of very pure BMPyr-MC and EMIM-MC investigated 70 
in this work, which are obtained as stable solutions in methanol 
(MeOH) in typical concentrations as being used for commercial 
products. Starting materials were 1-butylpyrrolidine (BPyr) and 
1-ethylimidazole (EI) as nucleophilic bases and dimethyl-
carbonate (DMC) as methylating agent. All aforementioned 75 
reagents were freshly distilled before use and dried over 
molecular sieve. The excess of 0.6 equiv. of DMC remains in the 
Scheme 2: Synthesis of 1-Butyl-1-methylpyrrolidinium methylcarbonate 
Scheme 1: Synthesis of 1-Ethyl-3-Methylimidazolium methylcarbonate 
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reaction mixture and can easily be removed later in vacuo after 
the final formation of the ionic liquid, as described above. Since 
BPyr is more reactive than EI, reaction temperatures are 30°C 
higher for the latter to realize residence times of 0.5 to 2 hours. 
The high amount of 35% to 60% of methanol as solvent is 5 
necessary, to suppress the formation of by-products to reach high 
qualities; however, this does result in a negative impact on the 
space-time yields of these reactions. 
  
 10 
Substrate mixtures and products mixtures of both reactions are 
homogeneous, so the used setup for the continuous flow (CF) 
experiments was rather simple (Scheme 3): The substrate mixture 
was pumped using a standard HPLC pump with pressure 
indicator at flow rates between 0.1 and 10 ml·min-1 and pressures 15 
of up to 150 bar through a 1/16 in. stainless steel coil of 38.2 m 
length, having a reactor volume of 30 ml. The coil was heated 
inside a standard drying oven with an accuracy of ± 1 K. The 
reaction mixture was cooled down in a second coil of 10 ml 
volume, submerged in a water bath. To adjust the pressure a 20 
back-pressure regulator with pmax = 175 bar was used. The 
product was collected in a sealed vessel. For batch experiments 
4 ml screw-capped vials equipped with PTFE coated stir bars, 
PTFE seals and PEEK screw caps were used, which resist 20 bar 
pressure and 170 °C; the volume of these vials were filled up with 25 
substrate mixture by 80 %. Heating occurred in a massive 
aluminum block, which was thermostated with an error of ± 1 K 
on a standard hotplate/stirrer under thermal control using an 
external contact thermometer. Reaction mixtures were 
characterized using HPLC-UV-CAD (CAD = Charged Aerosol 30 
Detector), Ion Chromatography (IC), Karl-Fisher Coulometry 
(KFC) and alkalimetric or acidimetric titration methods (details 
see ESI); both compounds EMIM-MC and BMPyr-MC are 
commercialized products with validated quality control methods. 
  35 
Table 1: Batch vs. continuous flow synthesis of BMPyr-MC. 
no. mode 
T 
[°C] 
t 
[min] 
BPyr 
[%wt] 
BMPyr-MC 
[%wt] 
Conv. 
[%] 
STY 
[kg·l-1·h-1] 
1 Batch 130 30 22.52 13.72 26.3 0.20 
2 Batch 130 60 14.86 25.13 49.8 0.18 
3 Batch 130 120 7.74 38.33 74.4 0.14 
4 Batch 170 30 0.27 51.05 99.1 0.73 
5 Batch 170 60 0.21 52.13 99.3 0.37 
6 Batch 170 120 0.17 52.51 99.5 0.19 
7 CF 130 30 13.66 27.58 54.2 0.52 
8 CF 130 60 6.67 36.52 76.2 0.35 
9 CF 170 30 0.04 48.90 99.9 0.93 
10 CF 170 60 0.03 51.57 99.9 0.49 
Pressure 50 bar for all CF experiments. Continuous flow (CF), reaction temperature 
(T) and duration (t), educt 1-butylpyrrolidine (BPyr), product 1-butyl-1-
methylpyrrolidinium methylcarbonate (BMPyr-MC), conversion (Conv.), space-
time-yield (STY) of contained pure product. Sum of impurities <0,1 %wt. 40 
Table 1 shows the results for batch and CF synthesis of BMPyr-
MC ~50% in methanol: In general it can be seen, that CF 
reactions compared to batch reactions of identical conditions 
show conversion rates increased by a factor of 1.5 to 2 and space-
time yields improved by a factor of 1.3 to 2.6. As we are 45 
interested in very high qualities, residual starting material BPyr at 
concentrations as low as only several 100 ppm are highly 
attractive, as demonstrated in CF reactions no. 9 and 10: Under 
batch conditions, these low concentrations cannot be reached 
even after 120 min at 170 °C; compared to reaction no. 9, the 50 
residual starting material in no. 6 is with 1700 ppm at a 4-fold 
level even after a 4-fold reaction time and the space-time yield is 
smaller by a factor of 4.9.  
  
Table 2: Batch vs. continuous flow synthesis of EMIM-MC. 55 
no. mode 
T 
[°C] 
t 
[min] 
EI 
[%wt] 
EMIM-MC 
[%wt] 
Conv. 
[%] 
STY 
[kg·l-1·h-1] 
1 Batch 170 30 13,52 4.89 15.7 0.065 
2 Batch 170 60 11,59 10.33 31.5 0.069 
3 Batch 170 120 6,31 21.34 63.6 0.071 
4 CF 170 30 8.92 14.05 44.9 0.25 
5 CF 170 60 4.82 21.56 69.8 0.19 
6 CF 200 120 0.16 32.83 99.1 0.15 
Pressure 100 bar for all CF experiments. Continuous flow (CF), reaction temperature 
(T) and duration (t), educt 1-ethylimidazole (EI), product 1-ethyl-3-
methylimidazolium methylcarbonate (EMIM-MC), conversion (Conv.), space-time-
yield (STY) of contained pure product. Sum of impurities <0,1 %wt. 
 60 
For the synthesis of EMIM-MC ~30% in methanol, results are 
similar as shown in Table 2: Here conversion rates between CF 
and batch reactions differ by factors of 2 to 3 and space-time 
yields by factors of 2 to 4, with CF always being superior. In 
order to reach very low values of the starting material EI, harsher 65 
conditions compared to BMPyr-MC had to be applied, which 
reflects the lower reactivity of EI compared to BPyr: As shown in 
CF reaction no. 6, only a temperature of 200°C and a residence 
time of 120min led to a residual concentration of EI at an 
acceptable level of 1600 ppm. Due to the limited pressure and 70 
temperature resistance of the used vials, the experiment analogue 
to no. 6 could not be investigated under batch conditions. A side 
reaction of DMC we are observing under the previously 
described reaction conditions, is the slow decarboxylation into 
the gases dimethylether and CO2 under the basic conditions of the 75 
CBILS® process; a very similar reaction with pure DMC is 
described in literature to take place with a conversion rate of 4% 
at 200 °C and 6 h over solid K2CO3 as catalyst.
8 Since DMC is 
used in excess of 0.6 equiv. and the side products are gases, this 
does not affect the synthesis of BMPyr-MC and EMIM-MC 80 
directly, but the volume of the formed gases reduce the actually 
available reaction volume in the continuous flow case.  
  
Table 3: Continuous flow synthesis of EMIM-MC at different pressures. 
no. 
T 
[°C] 
p 
[bar] 
EI 
[%wt] 
EMIM-MC 
[%wt] 
Conv. 
[%] 
STY 
[kg·l-1·h-1] 
STY 
[%] 
1 170 20 9.03 13.09 42.8 0.23 79 
2 170 50 8.70 14.13 45.6 0.25 86 
3 170 100 8.22 15.17 48.8 0.27 93 
4 170 150 7.61 16.46 52.8 0.29 100 
5 200 50 1.96 27.55 87.9 0.49 98 
6 200 100 1.64 28.16 89.9 0.50 100 
7 200 150 1.49 28.06 90.7 0.50 100 
Duration 30 min. for all experiments. Reaction temperature (T) and pressure (p); 85 
educt 1-ethylimidazole (EI), product 1-ethyl-3-methylimidazolium methylcarbonate 
(EMIM-MC), conversion (Conv.), space-time-yield (STY) of contained pure 
product. Sum of impurities <0,1 %wt. 
Scheme 3: Schematic of the continuous flow setup  
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In order to suppress this volume loss to a minimum, we were 
investigating the reaction performance under increased pressure: 
Table 3 shows the results for an EMIM-MC synthesis at a 
pressure from 20 to 150 bar and temperatures of 170 °C and 
200 °C; the residence time has been chosen to be 30 min, which 5 
results in unreacted EI levels of some %wt, which is still in the 
dynamic range of the reaction. It can be seen, that space-time 
yields for 170 °C differ between 0.29 kg·l-1·h-1 (100%) for 
150 bar and 0.23 kg·l-1·h-1 (79%) for 20 bar, which is a relative 
difference of remarkable 21%. The trend of these changes follows 10 
a linear regression with R2 = 0.997, which correlates to the 
expected compression of the formed gases dimethylether and CO2 
and subsequent increase of reaction volume. In the case of 200 °C 
space-time yields increase only by 2% between 50 and 150 bar, 
which reflects an almost completed reaction and therefore lower 15 
influence of the increased reaction volume and residence time. 
 
All reaction products from systematic experiments listed in 
Tables 1 - 3 were analyzed and showed to be very pure with some 
residual quantities of halides (IC) < 5 ppm, water (KFC) < 100 20 
ppm and no other impurities detectable by HPLC-UV-CAD or IC 
(<0.1 %wt). However, to demonstrate applicability of the 
continuous flow method for the practical ionic liquid synthesis, a 
larger quantity (about 100g) of EMIM-MC solution in methanol 
was produced according to reaction-conditions no. 6, Table 2, and 25 
further reacted with exactly 1.000 equivalent of acetic acid 
having purity 99.96%. Prior to the analytic attestation of the 
synthesized IL, possible volatiles were removed in vacuo by 
using thin film evaporator technology under industrially 
applicable molecular distillation conditions (see ESI).9 Then, the 30 
resulting 1-ethyl-3-methylimidazolium acetate (EMIM-OAc) was 
characterized by methods listed in Table 4 and showed excellent 
purity at the level of 99.9%, which - to our best knowledge - has 
never been reached before for this particular IL by other 
methods.10 35 
 
Table 4: Analytical data of 1-ethyl-3-methylimidazolium acetate sample 
Analyte (method) Results 
OAc- calc. as EMIM-OAc (IC) 99.91 ± 0.05 % wt. 
EMIM+ calc. as EMIM-OAc (HPLC) 99.49 ± 0.07 % wt. 
Starting material EI (HPLC) not detected (< 500 ppm) 
F- (IC) not detected (< 5 ppm) 
Cl- (IC) not detected (< 5 ppm) 
H2O (Karl Fisher coulometry) 
Color (acc. to Ph. Eur.) 
304 ± 3 ppm 
G7 (almost colorless) 
 
However, the precise determination of impurities in ionic liquids 
is a challenging task.11 Admittedly, each of the analytic methods 40 
applied in this work HPLC-UV-CAD, IC, and KFC is sensitive 
only for certain kinds of impurities and fails to provide the total 
amount of possible impurities. For example, the IC method is 
successful for precise determination of the residual amount of 
halide anions but it is useless for detection of the traces of 45 
molecular precursors in the IL. The HPLC method is developed 
for quantification of species, which either absorb light in the 
visual or UV region (UV/VIS-detector) or are significantly less 
volatile then the eluent (CAD-detector); it is blind towards 
species, which have no chromophore and are too volatile, e.g. 50 
methanol and dimethylcarbonate contained in the EMIM-MC 
intermediate. Moreover, the diversity of the available HPLC 
detectors (UV/VIS, IR, CAD, MS etc.) is also adjusted for 
detection of restricted number of impurities responding only to a 
particular physical or chemical property of the solute (being 55 
ideally independent of the mobile phase) and eluating within the 
time frame of the particular method. Thus, we could 
pessimistically conclude, that even using a broad scope of the 
analytic techniques for determination of impurities in ionic 
liquids, we can overlook a significant amount of impurities due to 60 
limitations inherent for each of the method applied. This 
conclusion heavily aggravate our main task with the focus on the 
development of the continuous flow method for synthesis of 
ultra-pure ILs. In order to avoid ambiguity with the total amount 
of impurities in the ultra-pure sample of EMIM-OAc (see 65 
Table 4), two additional calorimetric methods have been applied 
in this work: High-precision combustion calorimetry12 and high 
precision solution calorimetry.13 The main idea for this double-
check of the EMIM-OAc purity is, that both classical calorimetric 
methods are extremely sensitive to the total amount of impurities. 70 
Especially sensitive is the combustion calorimetry, where the 
purity requirements for the sample used is conventionally 
≥ 99.9 %wt. Moreover, for this method the amount of low-
molecular weight impurities even at the level of 0.05-0.1 %wt. 
can dramatically affect the result. The solution calorimetry is also 75 
very sensitive, but for this method more distracting are total 
amounts of residual ionic species and water. The final 
experimental result from the combustion and the solution 
calorimetry, which is relevant to the purpose of this study is the 
liquid state standard molar enthalpy of formation, 
o
m
H
f
∆  (liq). 80 
This thermodynamic property obtained for EMIM-OAc from two 
independent calorimetric methods is expected to be essentially 
the same, provided that the sample taken for experiments is of 
impeccable purity as it stated in Table 4. 
Combustion experiments with ultra-pure EMIM-OAc were 85 
performed with an isoperibolic calorimeter with a static bomb 
and a stirred water bath. The sample was transferred into the 
polyethylene bulb with a syringe under nitrogen stream in a 
glove-box. The fine neck of the container was compressed with a 
special tweezers and was sealed outside the glove-box by heating 90 
of the neck in a close proximity to a glowing wire. Then, the 
container was placed in the crucible and was burned in oxygen at 
a pressure 3.04 MPa. The detailed procedure has been described 
previously.12 The resulting value 
o
m
H
f
∆ (liq) = -450.1±2.6 
kJ·mol-1 can be now compared with those obtained from the 95 
solution calorimetry. 
 
Molar enthalpy of solution of the ultra-pure EMIM-OAc was 
measured with a commercial LKB 8700-2 isoperibol solution 
calorimeter. Dissolution of EMIM-OAc was carried out using the 100 
ampoule technique. A cylindrical glass ampoule was filled with 
the sample (0.01 to 0.05 g), sealed, weighed (±0.01 mg), inserted 
in the sample holder, and finally immersed into the solvent. After 
thermal equilibration with the solvent the ampoule was broken 
and the temperature change in the cell was recorded. The standard 105 
molar enthalpy of dissolution ∆solHm was derived from five 
experiments. The process of dissolution of EMIM-OAc in water 
is ascribed for the following reaction: 
EMIM-OAc (liq) + aq = [EMIM]+(aq)  + [OAc]-(aq) 
 The enthalpy of this reaction is defined as enthalpy of 110 
solution and the value ∆solHm = -(50.0±0.2) kJ·mol
-1 was 
measured in this work by using solution calorimetry. According 
to the Hess´s Law this enthalpy of solution is also calculated over 
the enthalpies of formation of the reaction participants: 
 ∆solHm = 
o
m
H
f
∆ [EMIM]+(aq) + o
m
H
f
∆  [OAc]-(aq) - o
m
H
f
∆ (liq) 115 
From the latter equation the enthalpy of formation of EMIM-OAc 
can be derived with the known enthalpies of formation 
o
m
H
f
∆
[EMIM]+(aq) = -(13.2±2.4) kJ·mol-1 of the cation14 and the 
o
m
H
f
∆  [OAc]-(aq) = -(486.0±0.2) kJ·mol-1 of the acetate anion.15 
The resulting enthalpy of formation of EMIM-OAc 
o
m
H
f
∆ (liq) 120 
= -(449.2±2.4) kJ·mol-1 derived from the solution calorimetry 
experiments has been in most excellent agreement with those 
o
m
H
f
∆ (liq) = -450.1±2.6 kJ·mol-1 measured by the combustion 
calorimetry. This remarkable agreement is the convincing 
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validation for the highest level of purity, achieved for the sample 
of EMIM-OAc, by using the continuous flow method for 
synthesis of the ultra-pure ILs. 
 
In conclusion, we have successfully shown, on the important 5 
examples of 1-butyl-1-methylpyrrolidinium methylcarbonate and 
1-ethyl-3-methylimidazolium methylcarbonate, that continuous 
flow synthesis according to the CBILS® process, is a versatile 
tool to produce ultra-pure ionic liquids with significantly 
increased space-time yields compared to batch processes. An 10 
exemplified synthesis of the well-known ionic liquid 1-ethyl-3-
methylimidazolium acetate from continuous flow generated 
EMIM-MC, resulted in the purest sample reported in literature so 
far.  
 15 
A 1000-fold scale up experiment at proionic GmbH, recently 
resulted in perfectly transferable reaction parameters and large 
space-time yield: A simple tube reactor with a heated zone of 
30 L was operated at 195 °C and a backpressure of 100 bar, 
showed a space-time yield of 0.14 kg·l-1·h-1 of very pure EMIM-20 
MC, which correlates to a productivity of 4.2 kg·h-1. A similar 
batch process operated in a 200 L pressure autoclave at 150 °C 
and a resulting pressure of 16 bar, delivered a space-time yield of 
only 0.0046 kg·l-1·h-1 and a productivity of 0.93 kg·h-1 of EMIM-
MC with somewhat worse quality. Due to the limited pressure 25 
maximum in the autoclave, a direct comparison between batch 
and CF at identical temperatures was not possible; however, a 30-
fold difference in space-time yields indicates the advantage of a 
CF process. From an investment point of view it is clear, that a 
technical production of CBILS® ionic liquids will be cheaper 30 
based on a continuous flow process compared to a batch process 
in order to realize the same productivity. As a result we expect to 
commercialize ultra-pure ionic liquids in larger scale in the 
nearest future. 
 35 
This work has been supported by the German Science Foundation 
(DFG) in frame of the priority program SPP 1708 “Material 
Synthesis Near Room Temperature”. 
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1
Devolvement of a new continuous flow method for preparation of ultra-pure ionic liquids; 
analytical verification including highly sensitive combustion and solution calorimetry. 
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Supporting Information 
Carbonate Based Ionic Liquid Synthesis (CBILS®): Development of 
Continuous Flow Method for Preparation of Ultra-Pure Ionic Liquids
Roland S. Kalb,a Markus Damma and Sergey P. Verevkinbc
a Proionic GmbH, A-8074 Grambach, Austria; Tel: +43 316 4009 4200; E-mail: roland.kalb@proionic.com
b Department of Physical Chemistry, University of Rostock, Dr-Lorenz-Weg 1, 18059 Rostock, Germany
c Competence Centre CALOR, Faculty of Interdisciplinary Research, University of Rostock, Albert-Einstein Str. 25, 18059, 
Rostock, Germany
Setups for Batch and Continuous Flow Experiments
All chemicals were purchased from commercial sources with a purity >99%wt. 1-Butylpyrrolidine (BPyr) and 
1-Ethylimidazole (EI) were freshly distilled under vacuum prior to use and dried over molecular sieve. Batch 
reactions were performed in 4 mL screw-capped vials equipped with a PTFE coated stir bar. The vessels were 
sealed with PTFE seals and PEEK screw caps to resist pressures up to 20 bar and temperatures up to 170°C. 
Heating occurred in a massive aluminum block, which was thermostated with an error of ± 1 K on a standard 
hotplate/stirrer. Continuous flow reactions were performed utilizing a simple setup consisting of a high-pressure 
HPLC pump with pressure indicator (flow rate 0.1-10 ml·min-1), a 1/16 in. stainless steel coil with an inner 
diameter of 1mm and a length of 38.2m (30ml reactor volume) that was incorporated into a standard drying oven 
and thermostated with an accuracy of ± 1 K, and a cooling coil identical to the heating coil with a length of 12.7m 
(10ml cooling volume) that was submerged in a water reservoir. Since all substrate mixtures used were 
homogeneous, there was no need to use a microplate-mixer in our setup. The pressure inside the continuous flow 
setup was manually adjustable using a back pressure regulator (175 bar max. pressure).
 
Scheme 1:  Schematic of the continuous flow setup
Electronic Supplementary Material (ESI) for Reaction Chemistry & Engineering.
This journal is © The Royal Society of Chemistry 2017
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Synthesis of 1-Butyl-1-methylpyrrolidinium methylcarbonate, BMPyr-MC (CAS 1223496-96-5) 
For a standard batch reaction 10 mmol (1272 mg, 1562 µL) 1-Butylpyrrolidine (BPyr) were mixed with 16 mmol 
(1443 mg, 1347 µL, 1.6 equiv.) Dimethylcarbonate (DMC) and 1460 mg (1850 µL, 35 %wt) Methanol (MeOH). 
The 4 ml pressure vial was equipped with the PTFE coated stir bar and filled with the substrate mixture to a volume 
of 80%, leaving a gas phase of 20%. The aluminum block was preheated to the target temperature, the individual 
samples were thermostated for the desired time at the selected temperature and after cooling the reaction mixture 
was analyzed. For continuous flow experiments an analogue substrate mixture (~150 ml for each series of 
experiments) was prepared using 1.6 equiv. DMC and 35 %wt MeOH. The temperature of the heating oven was 
set to the desired temperature and the reaction time was controlled by the selected flow rate of the HPLC pump. 
For example, a flow rate of 1 ml·min-1 corresponded to a residence time of 30 min, since the volume of the stainless 
steel coil in the heated zone was 30 ml. The fractions were collected in septum-sealed vessels and analyzed. 
Synthesis of 1-Ethyl-3-methylimidazolium methylcarbonate, EMIM-MC (CAS 251102-25-7) 
Batch and continuous flow reactions were performed analogous to BMPyr-MC described above; 10 mmol (960 
mg, 963 µL) 1-Ethylimidazole (EI), 16 mmol (1440 mg, 1347 µL) Dimethylcarbonate (DMC) and 3600 mg (4557 
µL, 60 %wt) of MeOH were mixed. For continuous flow experiments ~150 ml of substrate mixture were prepared 
using 1.6 equiv. DMC and 60 %wt MeOH and the same procedure was utilized as described for the BMPyr-MC 
experiments. To investigate the influence of the applied pressure during the reaction the manually adjustable back 
pressure regulator was set to 20 bar, 50 bar, 100 bar and 150 bar, respectively.
Analytics
In general all analytical results are based on triple tests.
HPLC-UV-CAD analysis: Samples were prepared by dilution with HPLC eluent (60 %wt water containing 0.22 
%wt trifluoroacetic acid, 40 %wt acetonitrile) to obtain a final concentration of 0.03 mg/ml. HPLC analysis was 
performed on a Dionex Ultimate 3000 system, combined with an Ultimate 3000 RS variable wavelength detector 
(UV) and a Corona Ultra RS charged aerosol detector (CAD). Measurements were carried out on a reversed-phase 
analytical column with embedded weak acidic ion-pairing groups (SIELC Primesep 200, 3.2 × 250 mm, particle 
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size 5 µm) using a mobile phase consisting of the eluent described above. Samples were analyzed applying 
isocratic elution, a flow rate of 0.5 mL/min, 25°C column temperature, injection volume 20 µL, 25 min per run. 
All chromatograms were integrated manually. Retention times and detection: 1-Ethylimidazole 10.3 min (UV 
210nm), 1-Ethyl-3-methylimidazolium+ cation 13.3 min (UV 210nm, CAD), 1-Butyl-1-methylpyrrolidinium+ 
cation 20.6 min (CAD). Detection limit (undiluted sample) <0,1%wt. 1-Butylpyrrolidine is not detectable via 
HPLC-UV-CAD, therefore it was measured via titration (see below).
IC analysis: Samples were prepared by dilution with IC eluent (90 %wt water, 10 %wt acetonitrile) to stay within 
the linear range of the calibration curve (final sample concentration 10mg/ml for measurement of halides, 
0.15mg/ml for acetate). IC analysis was conducted on a Dionex ICS-5000 system, combined with a Dionex ICS-
3000 conductivity detector featuring a Thermo Scientific AMMS 300 micro membrane suppressor, regenerated 
with 50 mM sulfuric acid at flow rate of 0.4 mL/min. Measurements were carried out on an anion exchange column 
(Thermo Scientific Dionex IonPac AS20 RFIC, 4 × 250 mm, particle size 7.5 µm) applying the following elution 
program at a flow rate of 1 mL/min: 5 % 100 mM NaOH, 20 % acetonitrile from -7.5 min – 0 min (isocratic), 5 - 
10 % 100 mM NaOH (gradient), 20 % acetonitrile from 0 min to 15 min, 10 - 60 % 100 mM NaOH (gradient), 20 
% acetonitrile from 15 min to 35 min. Total run time: 42.5 min, 35 °C column temperature. All chromatograms 
were integrated manually. Retention times: Acetate 6.5 min, Fluoride 5.9 min, Chloride 9.0 min, Bromide 12.0 
min, Iodide 13.8 min. Detection limit (undiluted sample) <5ppm.
Titration:
Total assay: Samples were prepared by diluting 0.5 – 0.7 g EMIM-MC or BMPyr-MC methanolic solution with 
approximately 50 mL deionized water and titrated against 1N HCl on a Metrohm Basic Titrino 794 equipped with 
a Metrohm Ecotrode Plus pH electrode. Titration curves were recorded and processed with tiamo 1.3 software. 
Total assay delivers the sum of methylcarbonate anion and unreacted starting material 1-ethylimidazole / 1-
butylpyrrolidine. Detection limit <0,1%wt.
Free base (1-ethylimidazole, 1-butylpyrrolidine): During titration of the methylcarbonate with HCl the 
methylcarbonate anion is hydrolyzed to CO2 and methanol; any free base is protonated.  The samples were boiled 
for 15 minutes to liberate residual CO2 and after cooling down back-titrated against 1N NaOH with a Metrohm 
835 Titrando equipped with a Metrohm Ecotrode Plus pH electrode. Titration curves were recorded and processed 
with tiamo 1.3 software. Titration curves show two equivalent points, the first one (Ep.1) belonging to 
neutralization of excess 1N HCl, the second one belonging to deprotonation of protonated free base (Ep. 2). Free 
base is calculated via consumed volume of 1N NaOH between Ep1 and Ep2 (Vfree base = VEp2-VEp1). Detection limit 
<0,1%wt. Measured results were in good accordance to corresponding HPLC-values. In case of 1-butylpyrrolidine, 
which is not detectable via HPLC, only titration values were used in Table 1 of the publication.
Methylcarbonate: Subtraction of free base from total assay. Detection limit <0,1%wt. Measured results for the 
methylcarbonate anion were in good accordance to corresponding HPLC-values of the 1-Ethyl-3-
methylimidazolium+ and  1-Butyl-1-methylpyrrolidinium+ cation.
1-Ethyl-3-methylimidazolium acetate (EMIM-OAc) synthesis
To combine the optimized EMIM-MC synthesis with the second step of the CBILS® route - on the example of the 
ionic liquid 1-Ethyl-3-methylimidazolium acetate - EMIM-MC was mixed with acetic acid. First, EMIM-MC was 
synthesized under continuous flow conditions at 200°C using a residence time of 2 h and a pressure of 100 bar in 
the system. The resulting mixture of EMIM-MC in MeOH was analyzed by HPLC-UV-CAD, revealing that only 
0.16 %wt of free base (1-Ethylimidazole) were left in the mixture and the content of EMIM-MC in MeOH was 
289
32.83 %. The EMIM MC solution was mixed with exactly 1.000 equiv. of acetic acid (99.96 %) and stirred for 4 
hours, the acetic acid was added portion-wise since a significant amount of carbon dioxide was generated 
especially during the initial phase of the reaction. After the transformation was finished, the excess of MeOH was 
removed under reduced pressure in a rotary evaporator (10 mbar, 40°C). Furthermore, a wiped thin film evaporator 
was used under molecular distillation conditions (1·10-2 mbar, 120 °C), to get rid of any remaining solvent 
molecules and other volatile compounds. The purity of the EMIM-OAc was checked by analytical methods 
described above. The water content was measured using a Metrohm Karl Fisher 652 Coulometer. The color was 
determined according to European Pharmacopoeia Method 2.2.2, Degree of Coloration of Liquids.
Calculation Conversion Rate and Space-Time Yield
The conversion rate (%) was calculated as the molar ratio of the product divided by the sum of methylcarbonate 
and residual free base multiplied by 100, which is applicable due to the absence of any other byproducts.  In case 
of EMIM-MC, both values were obtained from HPLC measurements. With BMPyr-MC, the amount of product 
was identified via HPLC, while the content of the free base BPyr was determined by titration.
The space-time yield was calculated as described in the following: initially the productivity [kg·h-1] was calculated 
as the ratio of the amount of the processed reaction mixture divided by the reaction time (including heating and 
cooling period). The productivity values were then divided by the reactor volume (L) of the utilized reactor to 
obtain the capability of the individual reactors regarding the processability of reaction mixture [kg reaction 
mixture·L-1·h-1]. These calculated values were finally multiplied with the measured product content (EMIM MC 
and BMPyr MC) in the corresponding reaction mixtures to obtain the space-time yield [kg product·L-1·h-1]. 
The CBILS® Process (overview):
Figure 1: General concept of the Carbonate Based Ionic Liquid Synthesis (CBILS®) route on the example of 1,3-
Dialkylimidazolium ionic liquids; for details see R. S. Kalb, E. N. Stepurko, V. N. Emel’yanenko and S. P. 
Verevkin, Phys. Chem. Chem. Phys., 2016, 18, 31904-31913
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3.4.7 Demonstration of Chemisorption of Carbon Dioxide in 1,3-Dialkylimidazolium 
Acetate Ionic Liquids 
Gabriela Gurau, Héctor Rodríguez, Steven P. Kelley, Peter Janiczek, Roland S. Kalb*, 
Robin D. Rogers*; Angew. Chem. Int. Ed. 2011, 50, 12024 –12026 
(DOI: 10.1002/ange.201105198; reproduced with permission by John Wiley & Sons, Inc.) 
 
This work was first presented orally by R. Kalb at 4th Congress On Ionic Liquids (COIL-
4), 2010, Washington DC and independently the nearly identical work was presented 
later orally by G. Gurau at the same congress. Both parties decided to merge all results 
and publish jointly. 
  
For proionic GmbH’s part: R. Kalb realized the gap between the so far published CO2-
uptake mechanism of 1,3-Dialkylimidazolium alkylcarboxylate based ionic liquids and the 
observed precipitation of a solid material. He designed, initiated and guided the 
experimental investigations, evaluated and interpreted the results. R. Kalb discovered 
the existence of a dimeric H(OAc)2-  anion to be the driving force for this unusual 
reaction. He was involved in the writing of the manuscript. His overall contribution is 
about 70%. 
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Demonstration of Chemisorption of Carbon Dioxide in
1,3-Dialkylimidazolium Acetate Ionic Liquids**
Gabriela Gurau, Hctor Rodrguez, Steven P. Kelley, Peter Janiczek, Roland S. Kalb, and
Robin D. Rogers*
Driven by increasing environmental concerns about green-
house gas emissions (particularly carbon dioxide) and global
warming, a growing amount of research has been carried out
over the last decade on the use of ionic liquids (ILs), among
other options, as a potential alternative to conventional
processes based on aqueous amine solutions for CO2 cap-
ture.[1] The tethering of an amine functional group to the
cation was one of the initial possibilities investigated,[2] while
more recently, absorption of CO2 in ILs with amine function-
ality in the anion has also been reported.[3] Still, even without
amine functionalization, ILs do generally dissolve CO2 to a
certain extent and CO2 is generally much more soluble than
other gases such as N2 or O2.
[4] In most cases, solubilization of
CO2 in the nonfunctionalized IL occurs through physisorp-
tion, although chemisorption has been suggested for ILs with
anions of remarkable basicity (e.g., carboxylate-derived
anions).[5] The mechanisms proposed have typically involved
an interaction between the acidic CO2 and the basic anion;
the only exception being a grant report by Maginn in 2005
where, to explain the absorption of CO2 in 1-butyl-3-
methylimidazolium acetate, he used NMR results to propose
the abstraction of the proton at the C(2) position of the
imidazolium ring by the basic acetate anion, followed by
reaction of CO2 with the carbene species thus formed.
[5a]
Interestingly, we could not find any further reference to this
mechanism in the literature and we assume the idea was not
pursued due to concerns about the lack of explanation for the
presence of an a priori unstable N-heterocyclic carbene in a
relatively stable IL.
The weak acidity of the proton at the C(2) position of 1,3-
dialkylimidazolium rings is one of the major pathways for
reactivity of imidazolium species, in particular of imidazolium
ILs.[6] Wang et al. made use of this to achieve an equimolar
CO2 capture in 1,3-dialkylimidazolium ILs by addition of a
superbase, 1,8-diazabicyclo[5.4.0]undec-7-ene, with formation
of the corresponding 1,3-dialkylimidazolium-2-carboxylate.[7]
We have recently shown that the C(2) proton can be
abstracted to some extent in neat 1,3-dialkylimidazolium
ILs if they are paired with a basic enough anion such as
acetate even in the absence of any external base.[8] For
example, the carbene concentration in 1-ethyl-3-methylimi-
dazolium acetate ([C2mim][OAc]) and 1-butyl-3-methylimi-
dazolium acetate ([C4mim][OAc]) is high enough to enable
formation of imidazole-2-chalcogenones by the direct addi-
tion of elemental chalcogens to these ILs. However, we also
realized that complex anion formation (e.g., acetic acid/
acetate) resulted in stabilization of the volatile acetic acid
thus formed, preventing further decomposition reactions and
allowing these ILs to act as stable reservoirs of carbenes for
direct carbene-based chemistry. Recently reported quantum
chemical calculations[9] support this concept.
Here, we report direct experimental evidence in the form
of single-crystal X-ray structures of solid-state products
resulting from the reaction of CO2 with acetate ILs, which
confirm both the reaction mechanism and the role of complex
anion formation. Since to the best of our knowledge there
were no reported crystal structures of 1,3-dialkylimidazolium
acetate salts, we first investigated the crystal structure of 1,3-
diethylimidazolium acetate ([C2C2im][OAc]), an off-white
crystalline solid with a melting temperature of 30 8C (Figure 1
and Supporting Information). As expected, the anion is
strongly hydrogen-bonded to the C(2)-H proton (O2···H
2.16 ), resulting in unsymmetrical CO bond lengths in the
anion (C10O1 1.245(2) , C10O2 1.258(2) ). In the solid
state there is no evidence of carbene, as also might be
expected.
To explore the reactivity of the acetate ILs with CO2, we
bubbled CO2 through [C2mim][OAc], in a glass bubbler at
Figure 1. ORTEP diagram and cation environment of [C2C2im][OAc].
[10]
Thermal ellipsoids set at 50% probability.
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atmospheric pressure and ambient temperature. After 24 h,
formation of the corresponding imidazolium carboxylate,
namely 1-ethyl-3-methylimidazolium-2-carboxylate
([C2mim
+-COO]), could be observed by NMR spectroscopy
of the clear liquid (Scheme 1). After 36 h, the liquid mixture
became turbid, and then solidified. The smell of acetic acid
was clearly noticeable after opening the bubbler at the end of
the experiment (a total bubbling time of three days).
Conducting this reaction in a sealed reactor led to much
reduced solid yield. When the reaction was carried out at
elevated pressure (20 bar) with purging, solidification was
observed within 2 h, however, if water was present (1–15
wt%) the solid yields decreased with increasing water
content, in agreement with previous results indicating that
water inhibits the interaction of the acetate anion with the
C(2)-H proton.[8] The inhibitory effect of water should be
considered if a humid CO2 stream were contacted with the IL,
for example in the case of potential applications for CO2
capture.
We also found analogous reactivity of CO2 with the 2:1:1
statistical mixture [C2mim][OAc]:1,3-dimethylimidazolium
acetate:[C2C2im][OAc] synthesized through a one-pot proce-
dure (see Supporting Information for details).[11] The ratios of
the imidazolium carboxylates formed corresponded to the
initial ratios of the three different cations in the mixture.
The crystalline solids isolated from these reactions proved
to be remarkably hygroscopic, as well as difficult to purify
from unreacted IL and acetic acid; however, single crystals of
sufficient size and quality for X-ray diffraction analysis could
be isolated from all of the above single IL studies. The crystal
structure obtained when water is not present (Figure 2 and
Supporting Information) clearly demonstrates the formation
of the imidazolium carboxylate and the role of acetate in
complexing acetic acid. The asymmetric unit consists of the
neutral zwitterion ([C2mim
+-COO]), the [C2mim]
+ cation,
and an anion that can best be described as [H(OAc)2]
 . The
structural features are dominated by a strong interaction
between the C(2)-H proton of the cation and the carboxylate
portion of the zwitterion, and a strong, symmetric interaction
between two acetate anions sharing a single proton. The
interpretation of the anion is supported by the corresponding
CO bond lengths which are statistically identical. This close
interaction between acetic acid and acetate was observed by
Johansson et al.,[12] and identified in our previous work as a
key factor enabling the presence of carbene species in
equilibrium within stable imidazolium acetate ILs.[8]
Fast release of the absorbed CO2 was observed upon
addition of water, with stirring, to the [C2mim][H(OAc)2]-
[C2mim
+-COO] complex (see videos in the Supporting
Information), leading to the formation of [C2mim][HCO3],
which was also structurally characterized (Figure 3 and
Supporting Information). This salt was also isolated in CO2
reactions conducted in the presence of water. Previous studies
have shown the dialkylimidazolium carboxylate zwitterion to
react with water and acids in a similar manner; a fact now
used to synthesize ILs.[13] Here, one can envision a regener-
ation process where water or acid can be used to both release
and recover the CO2 while regenerating the IL.
The mechanism demonstrated here is consistent with the
experimental data reported to date for the “absorption” of
CO2 in these ILs. Shiflett et al. determined the solubility of
CO2 in [C4mim][OAc]
[14] and found a “saturation fraction” of
CO2 in the IL, at atmospheric pressure, of almost 30 mol%,
which is not far (especially taking into account that there was
a substantial amount of water present in the IL sample used)
from the theoretical maximum of 0.33 molar fraction that
corresponds to the reaction described in Scheme 1. The
authors noted a smell of acetic acid evolving from the mixture
Scheme 1. Proposed reaction of CO2 and [C2mim][OAc].
Figure 2. ORTEP diagram of [C2mim][H(OAc)2][C2mim
+-COO] . The
zwitterion and cation are disordered, modeled with the carboxylate
group on C(2A) 75% of the time and on C(2B) 25% of the time.[10]
Thermal ellipsoids set at 50% probability.
Figure 3. ORTEP diagram of [C2mim][HCO3] showing two asymmetric
units.[10] Thermal ellipsoids set at 50% probability.
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of IL and suggested the possibility of a chemical reaction,
however, just to a minor extent, giving preference to the
hypothesis of formation of a complex. The increased molar
fraction of CO2 absorbed at higher pressures is consistent with
physisorption of the gas in the resulting mixture of products.
The same research group also explored the combination of
CO2 with [C2mim][OAc],
[5b] observing again that the pressure
of the gas became practically zero in the CO2 molar fraction
range up to approximately 0.3, and now clearly opting for the
hypothesis of chemisorption.
Almost simultaneously, Carvalho et al. also explored the
system CO2 + [C4mim][OAc], and its interactions.
[5d] Their
results also seemed to point to chemisorption up to CO2molar
fractions of 0.3, and on the basis of NMR results, and
corroborated by ab initio calculations, they suggested a
preferential interaction of the acid carbon of the CO2
molecule with the carboxylate group of the acetate anion.
Although their NMR spectra are not clearly interpretable
from the perspective suggested in the present work, the
crystal structure experimentally obtained suggests that there
is an “internal” interaction of anion and cation of the IL (as
for example shown in Figure 1), which results in the formation
of the zwitterionic imidazolium carboxylate species.
In summary, the experimental evidence offered in this
work sheds light on the interactions of 1,3-dialkylimidazolium
acetate ILs with CO2, leading to a re-consideration of
previous results available in the literature. Since these types
of ILs and similar ones are being actively investigated in
cutting-edge research fields (for instance in valorization of
lignocellulosic renewable sources, production of biofuels, and
carbon capture), the results presented here can be critical for
a better evaluation of the behavior, possibilities, and limi-
tations of these ILs in such fields. By extension, and taking
into account that the most investigated types of ILs to date
are those with a 1,3-dialkylimidazolium cation, and that there
are many basic anions that can be combined with such cations,
this work provides a basis for a general reconsideration of the
use of these ILs for different applications. We would further
reiterate that the ability of the anion to complex any formed
acid, essentially acting as an internal buffer, should be
factored into any consideration of the use of these ILs and
serve as a reminder that the ions comprising these ILs cannot
always be considered independently.
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Demonstration of Chemisorption of Carbon Dioxide in 1,3-
Dialkylimidazolium Acetate Ionic Liquids** 
Gabriela Gurau, Héctor Rodríguez, Steven P. Kelley, Peter Janiczek, Roland S. Kalb, and Robin D. 
Rogers* 
Driven by increasing environmental concerns about greenhouse gas 
emissions (particularly carbon dioxide) and global warming, a 
growing amount of research has been carried out over the last 
decade on the use of ionic liquids (ILs), among other options, as a 
potential alternative to conventional processes based on aqueous 
amine solutions for CO2 capture.[1]  The tethering of an amine 
functional group to the cation was one of the initial possibilities 
investigated,[2] while more recently, absorption of CO2 in ILs with 
amine functionality in the anion has also been reported.[3]  Still, even 
without amine functionalization, ILs do generally dissolve CO2 to a 
certain extent and CO2 is generally much more soluble than other 
gases such as N2 or O2.[4]  In most cases, solubilization of CO2 in the 
non-functionalized IL occurs through physisorption, although 
chemisorption has been suggested for ILs with anions of remarkable 
basicity (e.g., carboxylate-derived anions).[5]  The mechanisms 
proposed have typically involved an interaction between the acidic 
CO2 and the basic anion; the only exception being a grant report by 
Maginn in 2005 where, to explain the absorption of CO2 in 1-butyl-
3-methylimidazolium acetate, he used NMR results to propose the 
abstraction of the proton at the C(2) position of the imidazolium ring 
by the basic acetate anion, followed by reaction of CO2 with the 
carbene species thus formed.[5a]  Interestingly, we could not find any 
further reference to this mechanism in the literature and we assume 
the idea was not pursued due to concerns about the lack of 
explanation for the presence of an a priori unstable N-heterocyclic 
carbene in a relatively stable IL. 
The weak acidity of the proton at the C(2) position of 1,3-
dialkylimidazolium rings is one of the major pathways for reactivity 
of imidazolium species, in particular of imidazolium ILs.[6]  Wang et 
al. made use of this to achieve an equimolar CO2 capture in 1,3-
dialkylimidazolium ILs by addition of a superbase, 1,8-
diazabicyclo[5.4.0]undec-7-ene, with formation of the 
corresponding 1,3-dialkylimidazolium-2-carboxylate.[7]  We have 
recently shown that the C(2) proton can be abstracted to some extent 
in neat 1,3-dialkylimidazolium ILs if they are paired with a basic 
enough anion such as acetate even in the absence of any external 
base.[8]  For example, the carbene concentration in 1-ethyl-3-
methylimidazolium acetate ([C2mim][OAc]) and 1-butyl-3-
methylimidazolium acetate ([C4mim][OAc]) is high enough to 
enable formation of imidazole-2-chalcogenones by the direct 
addition of elemental chalcogens to these ILs.  However, we also 
realized that complex anion formation (e.g., acetic acid/acetate) 
resulted in stabilization of the volatile acetic acid thus formed, 
preventing further decomposition reactions and allowing these IL to 
act as stable reservoirs of carbenes for direct carbene-based 
chemistry.  Recently reported quantum chemical calculations [9] 
support this concept. 
Here, we report direct experimental evidence in the form of 
single crystal X-ray structures of solid state products resulting from 
the reaction of CO2 with acetate ILs, which confirm both the 
reaction mechanism and the role of complex anion formation.  Since 
to the best of our knowledge there were no reported crystal 
structures of 1,3-dialkylimidzolium acetate salts, we first 
investigated the crystal structure of 1,3-diethylimidazolium acetate 
([C2C2im][OAc]), an off-white crystalline solid with a melting 
temperature of 30 °C (Figure 1 and Supporting Information).  As 
expected, the anion is strongly hydrogen bonded to the C(2)–H 
proton (O2•••H = 2.16 Å), resulting in unsymmetrical C–O bond 
lengths in the anion (C10-O1 = 1.245(2) Å, C10-O2 = 1.258(2) Å).  
In the solid state there is no evidence of carbene, as also might be 
expected. 
 
Figure 1. ORTEP diagram and cation environment of 
[C2C2im][OAc].[10] 
To explore the reactivity of the acetate ILs with CO2, we 
bubbled CO2 through [C2mim][OAc], in a glass bubbler at 
atmospheric pressure and ambient temperature.  After 24 h, 
formation of the corresponding imidazolium carboxylate, namely 1-
ethyl-3-methylimidazolium-2-carboxylate ([C2mim+–COO-]), could 
be observed by NMR of the clear liquid (Scheme 1).  After 36 h, the 
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liquid mixture became turbid, and then solidified.  The smell of 
acetic acid was clearly noticeable after opening the bubbler at the 
end of the experiment; a total bubbling time of three days.  
Conducting this reaction in a sealed reactor led to much reduced 
solid yield.  When the reaction was carried out at elevated pressure 
(20 bar) with purging, solidification was observed within 2 h, 
however, if water was present (1-15 wt%) the solid yields decreased 
with increasing water content, in agreement with previous results 
indicating that water inhibits the interaction of the acetate anion with 
C(2)-H proton.[8] . 
 
Scheme 1. Proposed reaction of CO2 and [C2mim][OAc]. 
The crystalline solids isolated from these reactions proved to be 
remarkably hygroscopic, as well as difficult to purify from 
unreacted IL and acetic acid, however, single crystals of sufficient 
size and quality for X-ray diffraction analysis could be isolated from 
all of the studies above.  The crystal structure obtained when water 
is not present (Figure 2 and Supporting Information) clearly 
demonstrates the formation of the imidazolium carboxylate and the 
role of acetate in complexing acetic acid.  The asymmetric unit 
consists of the neutral zwitterion ([C2mim+–COO-]), the [C2mim]+ 
cation, and an anion that can best be described as [H(OAc)2]-.  The 
structural features are dominated by a strong interaction between the 
C(2)–H proton of the cation and the carboxylate portion of the 
zwitterion, and a strong, symmetric interaction between two acetate 
anions sharing a single proton.  The interpretation of the anion is 
supported by the corresponding C-O bond lengths which are 
statistically identical.  This close interaction between acetic acid and 
acetate was observed by Johansson et al.,[11] and identified in our 
previous work as a key factor enabling the presence of carbene 
species in equilibrium within stable imidazolium acetate ILs.[8]   
 
Figure 2. ORTEP diagram of [C2mim][H(OAc)2][C2mim+–COO-].  The 
zwitterion and cation are disordered, modelled with the carboxylate 
group on C2A 75% of the time and on C2B 25% of the time.[10] 
Fast release of the absorbed CO2 was observed upon addition of 
water, with stirring, to the [C2mim][H(OAc)2][C2mim+–COO-] 
complex (see videos in Supporting Information), leading to the 
formation of [C2mim][HCO3], which was also structurally 
characterized (Figure 3 and Supporting Information).  This salt was 
also isolated in CO2 reactions conducted in the presence of water.  
Previous studies have shown the dialkylimidazolium carboxylate 
zwitterion to react with water and acids in a similar manner; a fact 
now used to synthesize ILs.[12]  Here, one can envision a 
regeneration process where water or acid can be used to both release 
and recover the CO2 while regenerating the IL. 
 
Figure 3. ORTEP diagram of [C2mim][HCO3] showing two asymmetric 
units.[10] 
The mechanism demonstrated here is consistent with the 
experimental data reported to date for the ‘absorption’ of CO2 in 
these ILs.  Shiflett et al. determined the solubility of CO2 in 
[C4mim][OAc][13] and found a ‘saturation fraction’ of CO2 in the IL, 
at atmospheric pressure, of almost 30 mol%, which is not far 
(especially taking into account that there was a substantial amount 
of water present in the IL sample used) from the theoretical 
maximum of 0.33 molar fraction that corresponds to the reaction 
described in Scheme 1.  The authors noted a smell of acetic acid 
evolving from the mixture of IL and suggested the possibility of a 
chemical reaction, however, just to a minor extent, giving preference 
to the hypothesis of formation of a complex.  The increased molar 
fraction of CO2 absorbed at higher pressures is consistent with 
physisorption of the gas in the resulting mixture of products.  The 
same research group also explored the combination of CO2 with 
[C2mim][OAc],[5b] observing again that the pressure of the gas 
became practically zero in the CO2 molar fraction range up to ca. 0.3, 
and now clearly opting for the hypothesis of chemisorption.   
Almost simultaneously, Carvalho et al. also explored the system 
CO2 + [C4mim][OAc], and its interactions.[5d]  Their results also 
seemed to point to chemisorption up to CO2 molar fractions of 0.3, 
and on the basis of NMR results, and corroborated by ab initio 
calculations, they suggested a preferential interaction of the acid 
carbon of the CO2 molecule with the carboxylate group of the 
acetate anion.  Although their NMR spectra are not clearly 
interpretable from the perspective suggested in the present work, the 
crystal structure experimentally obtained suggests that there is an 
‘internal’ interaction of anion and cation of the IL (as for example 
shown in Figure 1), which results in the formation of the 
zwitterionic imidazolium carboxylate species.   
In summary, the experimental evidence offered in this work 
sheds light on the interactions of 1,3-dialkylimidazolium acetate ILs 
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with CO2, leading to a re-consideration of previous results available 
in the literature.  Since this type of ILs and similar ones are being 
actively investigated in cutting-edge research fields (for instance in 
valorization of lignocellulosic renewable sources, production of 
biofuels, and carbon capture), the results presented here can be 
critical for a better evaluation of the behavior, possibilities, and 
limitations of these ILs in such fields.  By extension, and taking into 
account that the most investigated types of ILs to date are those with 
a 1,3-dialkylimidazolium cation, and that there are many basic 
anions that can be combined with such cations, this work provides a 
basis for a general reconsideration of the use of these ILs for 
different applications.  We would further reiterate that the ability of 
the anion to complex any formed acid, essentially acting as an 
internal buffer, should be factored into any consideration of the use 
of these ILs and serve as a reminder that the ions comprising these 
ILs cannot always be considered independently. 
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Materials 
The ionic liquid 1-ethyl-3-methylimidazolium acetate was purchased from Iolitec GmbH 
with a nominal purity higher than 95 %, or synthesized using the CBILS® route.[1]  The ionic 
liquid 1,3-diethylimidazolium acetate ([C2C2im][OAc]) and the 2:1:1 statistical mixture of 1-
ethyl-3-methyl-([C2mim]), 1,3-dimethylimidazolium- ([C1C1im]), 1,3-diethylimidazolium- 
([C2C2im]) acetate were synthesized by reacting formaldehyde solution (Fluka, 37 wt% in 
water), ethylamine solution (Sigma Aldrich, 70 wt% in water), methylamine solution (Sigma 
Aldrich 40 wt% in water), glyoxal solution (Sigma Aldrich, 40 wt% in water), and glacial 
acetic acid (Sigma Aldrich), following a recipe analogous to that described elsewhere.[2] 
[C2C2im][OAc] single crystals of sufficient size and quality for X-ray diffraction analysis 
were isolated from a commercial material purchased from BASF.  
[C2mim][H(OAc)2][C2mim
+–COO-] and [C2mim][HCO3] single crystals of sufficient size and 
quality for X-ray diffraction analysis were isolated directly from the reaction mixtures.  All 
the ionic liquids were dried prior to use, under high vacuum (ca. 0.5 mbar) at ca. 60 °C, for at 
least 24 h.  The chemical structures of the desired products, as well as the absence of 
significant levels of organic impurities, were checked by 1H NMR and 13C NMR 
spectroscopy.  The water content of all samples was found to be lower than 600 ppm by Karl-
Fischer titration. 
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Synthesis of 1,3-diethylimidazolium acetate 
Aqueous formaldehyde (37 %) (99.6 mL, 1.33 mol) was cooled in a 500 mL round 
bottom flask in an ice-salt bath.  Aqueous ethylamine (70 %) (107.73 mL, 1.33 mol) was 
added dropwise.  The mixture was stirred for 30 min, followed by the addition of aqueous 
ethylamine (70 %) (107.73 mL, 1.33 mol), while maintaining the temperature below 5 °C.  
Glacial acetic acid (99-100 %) (76.26 mL, 1.33 mol) was added in small portions while 
keeping the reaction temperature below 0 °C.  After the addition was complete, aqueous 
glyoxal (40 %) (152.13 mL, 1.33 mol) was added dropwise and the resulting mixture was 
allowed to reach room temperature and stir for 1.5 days.  The mixture was extracted with 
ethyl acetate to remove any unreacted starting materials, and the water was removed under 
reduced pressure, yielding a light orange solution which was purified as described in the 
literature.[3]  After purification, 202 g (82 % yield) of a faint yellow liquid was obtained 
(98 % purity by 1H NMR).  The 1H NMR spectrum confirmed the formation of the desired 
imidazolium salt.  The reaction time can be reduced by increasing the temperature of the 
process, even though this will yield a darker mixture which will require successive 
purification.  1H NMR (500 MHz, DMSO-d6) δ (ppm) = 9.91 (s, 1H), 7.87 (d, J = 1.5Hz, 2H), 
4.23 (q, J = 7.31 Hz, 4H), 1.63 (s, 3H), 1.42 (t, J = 7.31 Hz, 6H).  
  
 
Characterization of the reacted mixture in the experiments of CO2 bubbled through 
[C2mim][OAc] at ambient conditions 
The identity of the mixture of products resulting from the bubbling of CO2 through 
[C2mim][OAc], as described in the main manuscript, was confirmed by NMR.  It was found 
to be consistent with the formation of the adduct [C2mim][H(OAc)2][C2mim
+–COO-] and the 
existence of acetic acid, in addition to unreacted [C2mim][OAc].  
1H NMR (500 MHz, 
CDCl3) δ ppm 10.71 (br, 0.3H, AcOH), 10.40 (s, 1H, NCHN, [C2mim][OAc]), 7.18 (2H, 
NCHCHN, [C2mim][OAc]), 7.05 (d, 0.2H, NCHCHN, [C2mim
+–COO-]), 7.00 (d, 0.2H, 
NCHCHN, [C2mim]
+–[COO]-), 4.19 (q, 0.4H, NCH2CH3, [C2mim+–COO-]), 3.91 (q, 4H, 
NCH2CH3, [C2mim][OAc]), 3.69 (s, 0.6H, NCH3, [C2mim
+–COO-]), 3.60 (s, 3H, NCH3, 
[C2mim][OAc]), 1.50 (s, 3.6H, CH3COO
- and CH3COOH), 1.14-1.03 (m, 3.6H, NCH2CH3, 
[C2mim][OAc] and [C2mim
+–COO-]); 13C NMR (125 MHz, CDCl3) δ ppm 177.3, 155.6, 
142.3, 139.7, 124.9, 123.5, 122.7, 121.7, 120.5, 45.4, 45.1, 37.5, 36.3, 25.1, 16.3, 15.8.   
 
 
Characterization of the reacted mixture in the experiments of bubbled CO2 through a 2:1:1 
statistical mixture of 1-ethyl-3-methyl-([C2mim]), 1,3-diethyl-([C2C2im]), and 1,3-
dimethylimidazolium ([C1C1im]) acetate at elevated pressure 
The identity of the mixture of products resulting from the bubbling of CO2 through a 
2:1:1 statistical mixture of 1-ethyl-3-methyl-([C2mim]), 1,3-diethyl-([C2C2im]), and 1,3-
dimethylimidazolium ([C1C1im]) acetate as described in the main manuscript, was confirmed 
by NMR.  It was found to be consistent with the formation of the adducts 
[C2mim][H(OAc)2][C2mim
+–COO-], [C2C2im][H(OAc)2][C2C2im+–COO-], 
[C2mim][H(OAc)2][C2mim
+–COO-] and the existence of acetic acid, in addition to unreacted 
statistical mixture.  Due to the complexity of the NMR interpretation, we denoted the protons 
corresponding to zwitterions mixture as “ZWM” and the starting statistical mixture as “SM”.  
1H NMR (300 MHz, DMSO-d6) δ(ppm) = 10.11 (s, 0.5H, NCHN, SM), 10.02 (s, 1H, NCHN, 
SM), 9.91 (s, 0.5H, NCHN, SM), 7.91-7.78 (m, 4H, NCHCHN, SM), 7.67-7.56 (m, 1H, 
NCHCHN, ZWM), 4.49-4.18 (m, 6H, NCH2CH3, SM + ZWM), 3.98-3.87 (NCH3, SM + 
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ZWM), 1.58 (s, 7H, CH3COO
- and CH3COOH, SM + ZWM), 1.44 (t, J = 7.31 Hz, 3H, 
NCH2CH3, SM), 1.43 (t, J = 7.31 Hz, 3H), 1.43 (t, J = 7.31 Hz, 1.2H, NCH2CH3, ZWM)  
13C 
NMR (75 MHz, DMSO-d6) δ(ppm) = 177.2, 155.6, 142.3, 139.7, 124.9, 123.53, 122.7, 121.7, 
120.5, 45.4, 45.1, 37.5, 36.3, 25.1, 16.3, 15.8. 
 
Reaction of CO2 and [C2mim][OAc] at elevated pressure (20 bar) and as a function of water 
content 
[C2mim][OAc] was mixed with different amounts of water, between 1 and 15 wt%. The 
numbers on the vials indicate the approximate amount of water initially present and verified 
by Karl-Fischer titration.  The water content of [C2mim][OAc] was also determined by Karl-
Fischer titration, being 0.265 wt%.  With excess water addition to a small amount of solid, 
some gas evolution was observed (Figure S.1).  Gas evolution increased with increasing the 
surface area of the sample (by using a spatula, or magnetic stirring).  The melting point of the 
crystal from the sample with 0.265wt% water was determined to be in the range 40-45 °C.  
 
 
 
Figure S.1:  Resulting products from the reaction of CO2 with [C2mim][OAc] at 20 bar, as a function of 
water content (left), and excess water effect on [C2mim][H(OAc)2][C2mim
+–COO-] (right). 
 
Table S.1.  Initial and final water contents, as well as final CO2 mass fraction and 
solidification time, in the experiments of reaction of CO2 with [C2mim][OAc] at 20 bar as a 
function of water content. 
Approximate 
initial water 
content (wt%) 
Initial water 
content (Karl-
Fischer) (wt%) 
Final water 
content (Karl-
Fischer) (wt%) 
Mass fraction 
CO2 (g/g 
solution) 
Solidification 
time (h) 
‘0’ 0.265 Not measured 0.095 2 
~1 1.3 completely 
solidified 
0.084 2 
~3 3.4 completely 
solidified 
0.079 2 
~5a 5.2 3.1  overnight 
~8 a 7.7 7  6 
~10 a 10.1 10  6 
~15 a 15.2 9.1  overnight 
a Water content of the liquid phase.  
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Reaction of [C2mim][H(OAc)2][C2mim
+–COO-] with water – video recordings  
 
Slow gas evolution was observed when water was added to [C2mim][H(OAc)2][C2mim
+–
COO-] crystals.  The rate of gas evolution can be increased by increasing the reaction surface 
(with the aid of magnetic stirring) (see Gurau et al Reaction of CO2 with CnmimOAc –video 
#1).  When the liquid phase from sample 8 was reacted with water, gas evolution took place 
very fast.  The same fast rate of gas evolution was observed when water was added to a 
magnetically stirred solution of [C2mim][H(OAc)2][C2mim
+–COO-]/[C2mim][OAc] (vial 8) 
(see Gurau et al Reaction of CO2 with CnmimOAc -video #2). 
 
 
Crystallographic Data and Packing Diagrams 
Single crystal X-ray diffraction data were collected on a Bruker Apex II diffractometer 
with a CCD area detector using graphite monochromated Mo-Kα radiation.  Data were 
collected through omega scans at 173 K, integrated with Bruker SAINT, and an absorption 
correction was performed using Bruker AXScale.[4]  Structure solution was carried out using 
the SHELXTL suite from Bruker.[5]  Intermolecular contacts and packing diagrams were 
made using Mercury.[6] 
The crystal structures were solved by direct methods and refined by full-matrix least 
squares refinement on F2.  In all structures non-hydrogen atoms were located from the 
difference map and refined anisotropically.  Both conformations of the disordered –COO 
group in [C2mim][H(OAc)2][C2mim
+–COO-] were located from the difference map and the 
occupancies were fixed at 75% and 25%.  The O-H-O hydrogen atom in 
[C2mim][H(OAc)2][C2mim
+–COO-] and the C2 hydrogen atom in [C2C2im][CH3COO] were 
located from the difference map and the coordinates were allowed to refine freely while the 
thermal parameters were constrained to ride on the carrier atom.  The hydrogen atoms on C1 
and O3 in [C2mim][HCO3] were located from the difference map and refined isotropically 
without constraints.  All other hydrogen atoms were placed in calculated positions.  The 
coordinates of the non-methyl hydrogen atoms in [C2C2im][OAc] were allowed to refine and 
all other hydrogen atoms were refined to ride on their carrier atoms. 
 
 
Crystal data for [C2mim][H(OAc)2][C2mim
+–COO-]:  C17H28N4O6, M = 374.83, Triclinic, 
space group = P-1, a = 9.2937(9) Å, b = 10.3801(9) Å, c = 11.7681(9) Å, α = 115.781(5)°, β 
= 90.620(5)°, γ = 94.268(5)°, V = 1018.25(15) Å3, Z = 2, T = 173 K, λ(Mo-Kα) = 0.71073 Å, 
R1 > 2σ = 0.0408, wR2 for all reflections = 0.1119 
 
Crystal data for [C2C2im][OAc]:  C9H16N2O2, M = 184.24, Monoclinic, space group = 
P21/n, a = 7.320(2) Å, b = 17.244(4) Å, c = 8.344(2) Å, β = 104.372(13)°, V = 1020.3(3) Å3, 
Z = 4, T = 173 K, λ(Mo-Kα) = 0.71073 Å, R1 > 2σ = 0.0599, wR2 for all reflections = 0.1856 
 
Crystal data for [C2mim][HCO3]:  C7H12N2O3, M = 172.19, Triclinic, space group = P-1, a 
= 7.430(2) Å, b = 7.505(2) Å, c = 8.123(2) Å, α = 90.773(8)°, β = 100.923(8)°, γ = 
109.369(8)°, V = 418.1(2) Å3, Z = 2, T = 100 K, λ(Mo-Kα) = 0.71073 Å, R1 > 2σ = 0.0386, 
wR2 for all reflections = 0.1087 
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Crystal structure and packing of [C2C2im][OAc], [C2mim][HCO3], and 
[C2mim][H(OAc)2][C2mim
+–COO-] 
    
(a)      (b) 
        
 (c) 
 
Figure S.2.  ORTEP diagrams of [C2C2im][OAc] (a), [C2mim][H(OAc)2][C2mim
+–COO-] (b), and 
[C2mim][HCO3] (c) 
 
  
 (a)    (b) 
      
 (c)    (d) 
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  (e)  (f)    (g) 
 
Figure S.3: Top: Environment around cation (a) and anion (b) in [C2C2im][OAc].  Center: Environment 
around cation (c) and anion (d) in [C2mim][HCO3].  Bottom: Environment around zwitterion (e), cation f), 
and anion (g) in [C2mim][H(OAc)2][C2mim
+–COO-] . 
 
  
 
 (a)         (b) 
 
 
(c) 
 
Figure S.4:  Packing diagrams down a axis for [C2C2im][OAc] (a) and [C2mim][H(OAc)2][C2mim
+–COO-] 
(b); packing down c axis for [C2mim][HCO3] (c). 
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a b s t r a c t
In this work data of the molar enthalpies of formation of the ionic liquids [R4N][NO3] were measured by
means of combustion calorimetry. The thermal behavior of [R4N][NO3] was studied using differential
scanning calorimetry. First-principles calculations of the enthalpy of formation in the gaseous phase have
been performed for the ionic species using the G3(MP2) theory. Enthalpies of formation of aqueous tetra-
alkyl ammonium ions DfH

m ([R4N]
+
(aq)) derived in this work are useful for prediction thermochemical
properties of the ammonium based ionic liquids.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Ionic liquids (ILs) have attracted much attention due to wide-
spread potential for practical applications such as heat transfer
and storage medium in solar thermal energy systems as well as
for many areas such as fuel cells, rechargeable batteries and ‘‘green
solvents’’. Quaternary ammonium cations form ILs with various
anions. Because of the variety of side chains that can be connected
to the central N+, many quaternary ammonium ILs could be pre-
pared to ‘‘tune’’ the physical properties such as melting point,
water miscibility, conductivity and viscosity by selection and mod-
ification of the anion and cation of the IL.
Tetra-alkyl ammonium ILs are one of the key compounds to
clarify the structure of aqueous solution and the nature of hydro-
phobic solute-solvent interaction as well as for study of a thermo-
dynamics of transfer of ions from water to other solvents [1].
Moreover, tetra-n-alkyl ammonium compounds form the clathrate
hydrate crystals below ambient temperature without applying
high pressures. This fact suggests the ammonium ions with long al-
kyl chains have a strong tendency to enable the surrounding water
molecules to form the clathrate-like structure even in aqueous
solution. Regarded for many years as harmful by the oil and gas
industry because of their tendency to plug pipelines, clathrate hy-
drates are now considered propitious for various applications. They
may be used for gas capture, storage, separation, and transporta-
tion, and the gas hydrates naturally found in deep seas and perma-
frost may provide large amounts of methane [2].
Experimental data on thermodynamic properties of ionic
liquids are scarce [3–7,11]. These quantities are required for the
validation and development of the molecular modeling and first-
principles methods towards this new class of solvents. In this work
we report the measurements (oxygen combustion calorimetry) of
molar enthalpy of formation, DfH

m (cr), of the ammonium based
ionic liquids – tetra-methyl ammonium nitrate ([Me4N][NO3]); tet-
ra-ethyl ammonium nitrate ([Et4N][NO3]), and tetra-butyl ammo-
nium nitrate ([Bu4N][NO3]). The gaseous enthalpies of formation
of the ionic liquids were obtained from first-principles calculations
using the G3(MP2) method. The enthalpies of formation DfH

m (aq)
of the aqueous cations [Me4N],+ [Et4N],+ and [Bu4N]+ were evalu-
ated by using DfH

m (cr) of [R4N][NO3] measured in this work and
solution enthalpies DsolH

m of [R4N][NO3] taken from reference [7].
0021-9614/$ - see front matter  2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jct.2012.02.035
⇑ Corresponding author. Address: Faculty of Interdisciplinary Research, Depart-
ment ‘‘Science and Technology of Life, Light and Matter’’, University of Rostock,
Rostock, Germany. Tel.: +49 381 498 6508; fax: +49 381 498 6524.
E-mail address: sergey.verevkin@uni-rostock.de (S.P. Verevkin).
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2. Experimental section
2.1. Materials and chemicals
The samples of the ammonium based ionic liquids [R4N][NO3]:
tetra-methyl ammonium nitrate [1941-24-8], tetra-ethyl ammo-
nium nitrate [1941-26-0], and tetra-butyl ammonium nitrate
[1941-27-1] used for the experiments were prepared and purified
by proionic Production of Ionic Substances GmbH (Austria). Prior to
using the samples were subjected to vacuum evaporation at
333 K and 102 mbar for more than 24 h to reduce possible traces
of solvents and moisture. Purities of all samples [R4N][NO3] were
>99.5%. The residual water contents in all [R4N][NO3] were deter-
mined by Karl Fischer titration shortly before the combustion
experiments. An appropriate correction for water content in the
sample was applied when the combustion results were evaluated.
We used Mettler DL35 Karl Fischer Titrator with Hydranal Com-
posite 2, Hydranal Methanol Dry and Hydranal Eichstandard 5.0
(Riedel-de Haen). Samples of the ILs were kept and handled under
nitrogen stream.
2.2. Thermochemical measurements. Combustion calorimetry
An isoperibol static bomb calorimeter was used for the mea-
surement of energies of combustion of [R4N][NO3]. Results are pre-
sented in tables 1 and S1 to S3 (supporting information). The
detailed procedure has been described previously.3 The combus-
tion products were examined for carbon monoxide (Dräger tube)
and unburned carbon, but none was detected. The energy equiva-
lent of the calorimeter ecalor = 14816.0 ± 0.9 J K1 was determined
with a standard reference sample of benzoic acid (sample SRM
39j, NIST). Correction for nitric acid formation was based on the
titration with 0.1 mol dm3 NaOH (aq). For converting the energy
of the actual bomb process to that of the isothermal process, and
reducing to standard states, the conventional procedure [8] was
applied. Values of the standard specific energies of combustion
Dcu, together with the necessary auxiliary quantities, are given
in tables S1 to S3 and S4 (electronic supporting information). All
three compounds under study were not sufficiently hygroscopic
to require encapsulation of the tablets, but it was necessary to
add polyethylene pieces as the auxiliary compound to insure com-
pleteness of combustion. To derive the molar standard enthalpy of
formation, Df H

m (cr), from the standard molar enthalpy of combus-
tion, DcH

m, molar enthalpies of formation of H2O (l) and CO2 (g)
were used, as assigned by CODATA [9]. Experimental results for
[R4N][NO3] are given in table 1. The total uncertainty was calcu-
lated according to the guidelines presented by Olofsson [10]. The
uncertainty assigned to DfH

m is twice the overall standard
deviation and includes the uncertainties from calibration, from
the combustion energies of the auxiliary materials, and the
uncertainties of the enthalpies of formation of the reaction prod-
ucts H2O and CO2.
2.3. Phase transitions in the solid state: DSC-measurements
The thermal behavior of [R4N][NO3] including phase transitions
and enthalpies of fusion were studied with a computer controlled
differential scanning calorimeter Perkin–Elmer Pyris Diamond
DSC. For all measurements, an empty pan was used as reference.
The fusion temperature and enthalpy were determined as the peak
onset temperature and by using a straight baseline for integration,
respectively. The temperature and heat flow rate scale of the DSC
was calibrated by measuring high-purity indium (T0 = 429.8 K
and DHref = 28.4 J g1). The thermal behavior of the specimen was
investigated at heating rate of 10 K min1. The uncertainty for tem-
perature is ±0.5 K and for enthalpy of fusion ±1 J g1. The DSC mea-
surements on the sample of [R4N][NO3] were repeated twice and
values agreed within the experimental uncertainties ±0.2 kJ mol1
for the enthalpy of fusion and ±0.5 K for the melting temperature.
Results of our DSC studies together with the available data from
the literature are collected in table 2.
2.4. First-principles calculations
Standard first-principles molecular orbital calculations were
performed using the Gaussian 03 Rev.04 program package [18].
Conformation analysis of the IL was performed using B3LYP/6-
31+G(d,p) with help of the procedure developed in our previous
work [3]. Optimized structure, and energy of the most stable con-
former of the ionic pair was further obtained using the G3(MP2)
composite method. The enthalpy values of [R4N][NO3] at
T = 298.15 K were evaluated according to standard thermodynamic
procedures [19].
3. Results and discussion
Generally, the enthalpy of formation in the gaseous phase of
any compound is made up of two contributions:
DfH

m ðgÞ ¼ DfH

m ðlÞ þ DglHm ð1Þ
DfH

m ðlÞ ¼ DfH

m ðcrÞ þ DlcrHm ð2Þ
where DfH

m is the enthalpy of formation in the gas, crystalline or
liquid state; DlcrHm is the enthalpy of sublimation, and D
g
l Hm is the
enthalpy of vaporization. In the current study we derived these
properties from thermochemical measurements as follows.
3.1. Enthalpies of formation from combustion calorimetry
Results of combustion experiments on [R4N][NO3] are summa-
rized in table 1 as well as in the supporting information. The values
of the standard specific energy of combustion, Dcu, the standard
molar enthalpy of combustion, DcH

m, and the standard molar en-
thalpy of formation in the crystalline state DfH

m (cr) were based
on the reactions:
TABLE 1
Thermochemical data at T = 298 K (p = 0.1 MPa) for compounds studied in this work (in kJ mol1).
Compounds DcH

m (cr)
a DfH

m (cr) DfH

m (l)
b DfH

m (g)
c Dgl Hm
d
1 2 3 4 5 6
Tetra-methyl Ammonium nitrate 2960.5 ± 0.9 331.0 ± 4.2 [11]331.8 ± 1.0 [7]328.5 ± 1.1a(330.3 ± 1.0)e 302.1 ± 0.7 150.0 ± 2.6 152.1 ± 2.7
Tetra-ethyl ammonium nitrate 5573.4 ± 3.4 428.5 ± 4.0 [7]433.0 ± 3.6a(431.0 ± 2.7)e 407.4 ± 2.7 246.2 ± 1.9 161.2 ± 3.3
Tetra-butyl ammonium nitrate 10840.9 ± 3.2 600.2 ± 3.9a 591.8 ± 3.9 433.9 ± 1.0 157.9 ± 4.0
a From combustion experiments, this work.
b From table 3.
c Calculated using the G3(MP2) method (see table 4).
d Calculated as the difference between column 5 and 4 in this table.
e The average was calculated as weighted value according to the procedure developed by Grossman et al. [47].
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C4H12N2O3ðcrÞ þ 5:5O2ðgÞ ¼ 4CO2ðgÞ þ 6H2OðlÞ þ N2ðgÞ ð3Þ
C8H20N2O3ðcrÞ þ 11:5O2ðgÞ ¼ 8CO2ðgÞ þ 10H2OðlÞ þ N2ðgÞ ð4Þ
C16H36N2O3ðcrÞ þ 23:5O2ðgÞ ¼ 16CO2ðgÞ þ 18H2OðlÞ þ N2ðgÞ ð5Þ
DfH

m (cr) of [R4N][NO3] has been obtained from the enthalpic bal-
ance according to equations (3)–(5) and the Hess’s law.
3.2. Thermal behaviour and enthalpies of phase transition of
[R4N][NO3]
The tetra-methyl ammonium nitrate crystal showed a sharp
phase transition at 283 K and a faint anomaly in the heating run
at 428 K [20]. The following phase sequence has been observed
by DSC:
phase III ð292 KÞ ! phase IIð300 KÞ ! phase I
The phase transitions, DHtrm, values are 1.7 kJ mol
1 for phase
III? II transition and 17.2 kJ mol1 for phase II? I transition
[14] (see table 3). The crystal structure of tetra-methyl ammonium
nitrate at 303 K is tetragonal D4h [7] (P4/nmm) with Z = 2 and the
nitrate ions are disordered [14,21]. Tetra-methyl ammonium ni-
trate begins to decompose at 636 K in conditions of the TGA mea-
surements [22]. Nevertheless, the temperature of melting of 683 K
was reported by Le Roux [12]. In our DSC experiments with tetra-
methyl ammonium nitrate we have failed to measure its enthalpy
of fusion due to decomposition around the melting point. In DSC
study of tetra-ethyl ammonium nitrate we detected only the phase
transition DHtrm at 365.7 K and we observed the decomposition
around the melting point. The temperature dependence of the
DSC signal for tetra-butyl ammonium nitrate crystal showed a very
small phase transition at 359.8 K with the DHtrm ¼ 0:2 kJ mol1 fol-
lowing by melting at 388.4 K with the fusion enthalpy
DlcrHm ¼ 14:3 kJ mol1: this results are in acceptable agreement
with the available in the literature DSC study [15] (see table 3).
The rapid-scan TG-FTIR thermolysis studies of tetra-butyl
ammonium nitrate [23] revealed that the first gas products were
detected at 643 K. These products were triethylamine and ethyl ni-
trate which are straightforward thermolysis products of tetra-bu-
tyl ammonium nitrate.
3.3. Determination of the liquid phase enthalpies of formation of
[R4N][NO3]
Enthalpies of formation, DfH

m (cr), of [R4N][NO3] derived from
the combustion experiments are referred to the crystalline state
at the reference temperature T = 298 K. However, using equation
(2) we are able to calculate the standard molar enthalpy of forma-
tion in the liquid phase, DfH

m (l), with help of the data on enthalpy
of fusion discussed in chapter 3.1. All three compounds under
study have the phase transitions, DHtrm, above the reference tem-
perature 298 K (see table 2) which should be also taken into ac-
count by using equation (2). As a rule, all four thermodynamic
quantities in equation (2) should be referred to the same temper-
ature, i.e., T = 298 K. However, experimental results for enthalpies
of fusion, DlcrHm, and phase transitions, DH
tr
m, of [R4N][NO3] mea-
sured by DSC (see table 2) were obtained at the melting tempera-
tures Tfus and Ttr accordingly. For each compound under study, we
have combined the experimental enthalpy of fusion, DlcrHm, and the
experimental enthalpy of phase transition in a one term DltpceHm
according to a procedure developed by Chickos [17]. Because of
the difference from the reference temperature, this term DltpceHm
have been adjusted to T = 298 K. The adjustment was calculated
using equation (6) [17]:
DltpceHm ð298 KÞ=J mol1 ¼ fDlcrHmðT fus=KÞ þ DHtrmðTtrÞþ
0:68  ½ðT fus=KÞ  298Kg ð6Þ
where DltpceHm (298 K) is the total phase change enthalpy of the
solid from T = 298 K to Tfus adjusted to T = 298 K. The difference be-
tween isobaric molar heat capacities of the solid and the liquid
compounds (Ccrp  Clp) = 68 J mol1 K1 in equation (6) was assessed
to be essential the same as those for some common ionic liquids
TABLE 2
Results from DSC study: enthalpies of phase transitions, DHtrm at Ttr and enthalpies of fusion, D
l
crHm, at Tfus.
Compounds Phase transition Melting
Tongoing (K) Tpeak (K) DHtrm (Ttr) (kJ mol
1) Tongoing (K) Tpeak (K) DlcrHm (Tfus) (kJ mol
1)
Tetra-methyl ammonium nitrate 292 [14] 1.7 [14] 683 [12] 37.2b
300 [14] 17.2 [14]
299.6a 17.2a
Tetra-ethyl ammonium nitrate 365.7a 371.5a 10.8a 553(dec) [16] 30.1b
Tetra-butyl ammonium nitrate 359.8a 361.4a 0.2a 388.4a 391.1a 14.3a
362.3 [15] 0.2 389.3 [15] 15.6 [15]
392.2 [13]
a From DSC experiments, this work.
b Calculated using the modified17 Walden‘s rule: DlcrHm (Tfus) = 54.4 (J K
1 mol1)  Tfus (K).
TABLE 3
Adjustment of the DSC data to the reference temperature T = 298.15 K, kJmol1.
Compounds Tfusa, K DlcrHm(Tfus)
a DHtrm(Ttr)
a RDHm (Ttr)b RDHm (298 K)c DfH

m(cr) (298.15 K)
d DfH

m (l) (298.15 K)
e
1 2 3 4 5 6 7 8
Tetra-methyl ammonium nitrate 683 37.2 17.2 54.4 28.2 330.3 ± 0.7 302.2 ± 0.7
Tetra-ethyl ammonium nitrate 553 (dec.) 30.1 10.8 40.9 23.6 431.0 ± 2.7 407.4 ± 2.7
Tetra-butyl ammonium nitrate 388.4 14.3 0.2 14.5 8.4 600.2 ± 3.9 591.8 ± 3.9
a From table 2.
b Calculated as the sum of column 3 and 4.
c Adjusted to the reference temperature (see text).
d From table 1.
e Calculated as the sum of column 6 and 7.
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(see table S5, ESI) measured in the recent work [24,25]. With this
adjustment (the uncertainty of the correlation was not taken into
account), the total phase change enthalpies of the solid, DltpceHm
(298 K), were calculated (table 3). Substituting these values into
equation (6) the standard molar enthalpies of formation of
[R4N][NO3] in the undercooled metastable liquid phase, DfH

m (l),
have been derived (table 1). These values will be combined with
the results from first-principles calculations in order to obtain
vaporization enthalpies of [R4N][NO3].
3.4. Calculation of the gaseous phase enthalpies of formation of
[R4N][NO3] using the first-principles methods
Results of the molar enthalpies of formation, DfH

m (g), of
[R4N][NO3] obtained by using first-principles methods have not
been reported in the literature so far. We have calculated the
enthalpies of formation of [R4N][NO3] using G3(MP2) method
applying atomization reactions as well as bond separation reac-
tions. For the latter method we have chosen the following three
reactions:
ð7Þ
ð8Þ
ð9Þ
Using enthalpies of these reactions calculated by G3(MP2) and
enthalpies of formation DfH

m (g), for species involved in the reac-
tions (7)–(9) recommended by Pedley et al. [26] (see table S6)
enthalpies of formation of [R4N][NO3] have been calculated (see ta-
ble 4). The quantum chemical calculations of the gaseous enthalpy
of formation of ILs have been performed under the assumption that
the gaseous phase of ionic liquid exists entirely of ion pairs. As it
shown in table 4 the DfH

m (g)-values calculated by G3(MP2) using
the atomization procedure, as well as using equations (7)–(9) are
in good agreement, and we averaged them (see table 4) for further
discussion and calculation of vaporization enthalpies of
[R4N][NO3].
3.5. Enthalpies of vaporization DglHm of [R4N][NO3]
Enthalpiesof vaporizationof several ILs suchas1-butyl-3-methyl
imidazolim dicyanoamide [C4MIM][N(CN)2] and 1-ethyl-3-methyl
imidazolim bis(trifluoromethylsulfonyl)imide [C2MIM][NTf2] have
successfully been determined using the method of transference
[3]. In contrast, the ionic liquids 1-ethyl-3-methyl imidazolim ni-
trate [C2MIM][NO3] and 1-butyl-3-methyl imidazolim nitrate
[C4MIM][NO3] were not stable enough during the transpiration
experiments to measure vaporization enthalpy [5]. In this work we
also have failed to measure the vaporization enthalpy of
[R4N][NO3] by transpiration, hence, no experimental enthalpy of
vaporisation could be determined using this technique. However,
in the recent papers [5,6] we have developed an alternative proce-
dure to obtain vaporization enthalpies of ILs using a combination
of the traditional combustion calorimetry with the high-level
first-principles calculations according to equation (1), which is for
this purpose is re-written as follows:
DglHmð298 KÞ ¼ DfH

mðgÞ  DfH

m ð10Þ
where DfH

m (l) is the molar enthalpy of formation in the liquid state
obtained by combination of results from the high precision combus-
tion calorimetry with the results from DSC measurements (table 1,
column 4) and DfH

m (g) the gaseous enthalpy of formation calcu-
lated by the G3(MP2) composite method (table 1, column 5). Using
equation (10), vaporization enthalpies of [R4N][NO3] have been
obtained (table 1, column 6). The enthalpy of vaporization of
tetra-methyl ammonium nitrate is as expected lower than those
for tetra-ethyl- and tetra-butyl derivatives. In comparison with
the enthalpies of vaporization (at 298 K) of other ionic liquids with
the [NO3] anion [5] D
g
l Hm ([C2MIM][NO3]) = 163.7 ± 5.3 kJ mol
1
and DglHm ([C4MIM][NO3]) = 162.4 ± 5.7 kJ mol
1 our results for
ammonium based ionic liquids [R4N][NO3] seems to be also on
the expected level.
3.6. The standard enthalpies of formation of the aqueous tetra-alkyl
ammonium ions DfH

m ([R4N]
+
(aq))
The enthalpies of formation of aqueous ions at infinite dilution
are key constants in many fields of science and technology. They
are needed to model aqueous solutions associated with the forma-
tion of hydrothermal ore bodies, geothermal systems, and marine
chemistry. The transfer of the organic and inorganic ions from their
isolated state in the gas phase into aqueous solutions is described
by the standard molar enthalpy and entropy of hydration [27].
Enthalpies of formation of aqueous ions are also required for devel-
opment of the Born–Fajans–Haber cycles for ionic liquids in order
to gain insight into thermodynamic relations, for example between
TABLE 4
Results of calculation of the molar standard enthalpies of formation DfH

m (g, 298.15 K) of tetra-alkyl ammonium nitrates (in kJ mol
1).
Compounds G3(MP2) Averageb
Atomization Reaction
(7) (8) (9)
Tetra-methyl ammonium nitrate 142.6 150.4 153.4 153.6 150.0 ± 2.6
Tetra-ethyl ammonium nitrate 240.8 246.5 249.5 247.9 246.2 ± 1.9
Tetra-butyl ammonium nitratea 431.6 433.2 436.1 434.6 433.9 ± 1.0
a Calculated by linear extrapolation with help of the data for the tetra-methyl ammonium nitrate and tetra-ethyl ammonium nitrate (see figure S1 and table S6).
b Uncertainties are standard deviation of the mean.
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starting materials and products of a chemical reaction, or between
different states of matter of the same substance [28–30].
In this context we decided to develop a valuable thermochem-
ical option to derive enthalpies of formation of aqueous ions com-
mon for ionic liquids using combination of two kinds of
calorimetry: the combustion calorimetry and the solution calorim-
etry. To set an example let us consider the ammonium based ionic
liquid tetra-butyl ammonium nitrate [N(Bu)4][NO3]. The procedure
consists of two experimental steps:
– the molar enthalpy of formation, DfH

m ([N(Bu)4][NO3](cr)), of
this compound in the crystal state was measured using the sta-
tic bomb combustion calorimeter.
– the enthalpy of solution, DsolH

m, of this compound in the water
is measured using a solution calorimeter.
The process of dissolution of [N(Bu)4][NO3] in water is ascribed
for the following reaction:
½NðBuÞ4½NO3ðcrÞ þ aq ¼ ½NðBuÞ4þðaqÞ þ ½NO3ðaqÞ ð11Þ
Applying the Hess’s Law to this reaction we can define the en-
thalpy of solution using the enthalpies of formation of the reaction
participants:
DsolH

m ¼ DfH

mð½NðBuÞ4þðaqÞÞ þ DfH

mð½NO3ðaqÞÞ
DfH

mð½NðBuÞ4½NO3ðcrÞÞ ð12Þ
From equation (12) the enthalpy of formation of tetra-butyl
ammonium cation, DfH

m [N(Bu)4]
+
(aq)), can be calculated, provided
that enthalpies of formation of other reaction participants are
known (e.g., for the anion DfH

m ([NO3]

(aq)) the data is listed in
the IUPAC-Tables [9]):
DfH

mð½NðBuÞ4þðaqÞÞ ¼ DsolH

m þ DfH

mð½NðBuÞ4½NO3ðcrÞÞ
DfH

mð½NO3ðaqÞÞ ð13Þ
In the same way enthalpies of formation of two other ammo-
nium based cations DfH

m ([N(Me)4]
+
(aq)) and DfH

m ([N(Et)4]
+
(aq))
have been derived using the data from combustion (see table 1)
and solution calorimetry (see table 5) measurements on the tet-
ra-alkyl-ammonium nitrates.
It has been also possible to derive enthalpies of formation of the
DfH

m ([N(R)4]
+
(aq)) using the results published for enthalpies of
combustion and enthalpies of solution of the tetra-alkyl-ammo-
nium iodides [N(R)4][I] with the R = Me, Et, and Bu [31]. The pro-
cess of dissolution of [N(R)4][I] in water is ascribed for the
following reaction:
½NðRÞ4½IðcrÞ þ aq ¼ ½NðBuÞ4þðaqÞ þ ½IðaqÞ ð14Þ
Enthalpies of formation and enthalpies of solution of [N(R)4][I]
are given in table 5 and anion DfH

m ([NO3]

(aq)) is recommended
by CODATA [9].
As can be seen in table 5, values of [N(R)4]+(aq) derived from ni-
trate and iodide series (column 4) are in good agreement and we
averaged these values for each type of cations. These values (given
in bold in table 5) could be recommended for further thermochem-
ical calculations.
It has turned out that there are a remarkable linear correlation
between the aqueous enthalpy of formation of the ammonium cat-
ion [N(R)4]+(aq) and the number of the C-atoms (NC) in the alkyl
chains (see figure 1):
DfH

mð½NðRÞ4þðaqÞÞ ðin kJ mol1Þ ¼ 104:7NC  2:4 ð15Þ
Following, enthalpies of formation of symmetric ammonium
based cations can be calculated with help of equation (15). Surpris-
ingly, the similar linear correlations (see figure 1) have been found
for the solid enthalpies of formation of the tetra-alkyl ammonium
nitrates DfH

m ([N(R)4][NO3](cr)) and for the solid enthalpies of for-
mation of the tetra-alkyl ammonium iodides DfH

m ([N(R)4][I](cr)).
The similar linear correlation of the enthalpies of formation,
DfH

m (l), of tri-substituted alkyl amines R3N (data are from refer-
ence[26]) have been also observed (see figure 1). Such a nice line-
arity of thermodynamic properties under study provides an
important test of consistency of the data obtained from the differ-
ent experimental methods.
3.7. The standard enthalpies of formation of DfH

m (cr), of the tetra-
alkyl ammonium compounds
Having established the reliable values of enthalpies of forma-
tion of the aqueous cations DfH

m ([N(R)4]
+
(aq)) it is now possible
TABLE 5
Enthalpies of formation, DfH

m (aq)
+, of the aqueous cations R4N calculated with help
of DfH

m (cr) measured by combustion calorimetry and using enthalpies of solution
DsolH

m measured by solution calorimetry at 298.15 K (in kJ mol
1).
Compounds DfH

m (cr)
a DsolH

m
b DfH

m (aq)
+ for (R4N)
[(Me)4N][NO3] 330.4 ± 1.0 19.8 ± 0.3 103.7 ± 1.1
[(Me)4N][I] 203.9 ± 2.7 [31] 42.3 ± 0.3 104.9 ± 2.7
103.9 ± 1.0c
[(Et)4N][NO3] 430.8 ± 2.7 8.1 ± 0.1 215.8 ± 2.7
[(Et)4N][I] 300.2 ± 3.2 [31] 28.0 ± 0.5 215.4 ± 3.2
215.6 ± 2.1c
[(Bu)4N][NO3] 600.2 ± 3.9 19.8 ± 0.2 413.1 ± 3.9
[(Bu)4N][I] 498.6 ± 2.7 [1] 15.5 ± 0.5 426.3 ± 2.7
422.0 ± 2.2c
a From table 1.
b From table 6.
c Average value from nitrate and iodide series calculated as weighted value
according to the procedure developed by Grossman et al. [47].
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R2 = 0,9981
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FIGURE 1. Standard enthalpies of formation of the solid tetra-alkyl ammonium
(CnH2n+1)4 N nitrates (s: crystalline ionic liquids and d: the aqueous (CnH2n+1)4 N
cations). For comparison also given the standard enthalpies of formation of the
liquid aliphatic tri-alkylamines (CnH2n+1)3N (D) and the standard enthalpies of
formation of the solid tetra-alkyl ammonium iodides (N).
S.P. Verevkin et al. / J. Chem. Thermodynamics 51 (2012) 107–113 111
314
Author's personal copy
to predict enthalpies of formation, DfH

m (cr), of different tetra-
alkyl ammonium containing compounds using the simple thermo-
dynamic equation:
DfH

mðcrÞ ¼ DfH

mðaqÞ þ DfH

mðaqÞ  DsolH

m ð16Þ
The values for cations DfH([N(R)4]+(aq)) are given in table 5, col-
umn 4. The values of solution enthalpies DsolH

m have been collected
and analyzed in table 6. Using equation (16) the enthalpies of for-
mation of tetra-alkyl ammonium chlorides, bromides, iodides, and
nitrates have been calculated (see table 7). Enthalpies of formation
of aqueous tetra-alkyl ammonium cations DfH

m ([R4N]
+
(aq)) derived
in this work in combination with the DfH

m (aq)
 of anions known
from the literature are useful for prediction thermochemical prop-
erties of the ammonium based ionic liquids. In the similar way we a
going to derive enthalpies of formation DfH

m (aq)
+ for imidazolium,
pyridinium, and pyrrolidinium based ionic liquids.
4. Conclusions
Combination of combustion calorimetry, differential scanning
calorimetry, and solution calorimetry with the first-principles cal-
culations allows to obtain the broad scope of the thermodynamic
data. This procedure provides indispensable data material for test-
ing first-principles procedures and molecular dynamic simulations
techniques in order to understand thermodynamic properties of io-
nic liquids on a molecular basis. Enthalpies of formation of aqueous
tetra-alkyl ammonium ions DfH

m ([R4N]
+
(aq)) derived in this work
are useful for prediction thermochemical properties of the
ammonium based ionic liquids. This procedure also opens several
thermochemical options to obtain values required for the Born–Fa-
jans–Haber cycles for ionic liquids.
Supporting information available
Results for typical combustion experiments of the tetra-alkyl
ammonium nitrate (tables S1 to S3); auxiliary properties for com-
bustion calorimetry and data treatment (tables S4 and S5);
G3(MP2) total energies at 0 K and enthalpies at 298.15 K of the
molecules studied in this work (table S6); correlations of enthal-
pies of ionic liquids with the chain length (Figs. S1 and S2).
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TABLE 6
Enthalpies of solution, DsolH

m, of [R4N][X] at 298.15 K (in kJ mol
1).
[Cl] [Br] [I] [NO3]
(Me)4N 24.8 [35] 42.1 ± 0.1 [38]
24.6 [32] 42.2 [35]
4.5 [32] 24.3 ± 0.4 [33] 42.4 [32]
4.1 ± 0.3 [33] 25.2 ± 0.1 [34] 42.5 ± 0.2 [34] 19.9 ± 0.2 [34]
3.9 ± 0.1 [34] 24.6 ± 0.1 [36] 41.8 ± 0.2 [39] 19.6 ± 0.1 [7]
4.2 ± 0.2 (average)b 24.7 ± 0.2 (average)b 42.2 ± 0.1 (average)b 19.8 ± 0.2 (average)b
(Et)4N 27.7 ± 0.1 [44]
27.9 [35]
12.8 [35] 6.2 [35] 28.7 [32]
12.6 ± 0.3 [37] 5.8 ± 0.3 [37] 28.6 ± 0.5 [37]
12.1 [40] 6.2 [40] 27.3 [40]
12.8 ± 1.0 [41] 6.2 [46] 28.1 ± 0.6 [41]
12.6 [42] 6.1 ± 0.5 [41] 28.2 [39]
12.6 ± 0.5 (average)b 6.1 ± 0.1 (average)b 28.1 ± 0.5 (average)b 8.1 ± 0.1 [7]
(Pr)4N 4.3 [42] 11.5 ± 0.1 [44]
4.6 [32] 11.6 [39]
4.9 ± 0.1 [36] 11.6 ± 0.1[42]
22.2 [42] 4.6 ± 0.2 (average)b 11.6 ± 0.1 (average)b (32.7)a
(Bu)4N 9.2 ± 0.1 [43]
9.2 ± 0.1 [36]
30.5 ± 0.4 [43] 8.4 [45]
29.9 [42] 8.5 [42] 15.9 ± 0.1 [43]
28.9 [40] 7.9 [40] 15.0 [40]
29.8 ± 0.5 (average) 8.6 ± 0.3 (average) 15.5 ± 0.5 (average) 19.8 ± 0.2 [1]
(Am)4N 3.2 [42]
2.7 [45]
38.2 [42] 3.0 ± 0.3 (average)b (6.1)a
a Calculated using enthalpy of solution obtained from equation: DsolH

m = 13.3n + 33.8 with (R2 = 0.9983) given for [(CnH2n+1)4N][NO3] ionic compounds in figure S2.
b Uncertainties are standard deviation of the mean.
TABLE 7
Enthalpies of formation, DfH

m (cr), of [R4N][X] calculated using equation (16)
a (in
kJ mol1).
X = Cl X = Br X = I X = NO3
(Me)4N 275.6 250.4
(Et)4N 370.1 343.1
(Pr)4N 461.4b 433.3b 399.9d 513.3d
(Bu)4N 557.0 532.5
(Am)4N 654.8c 650.3c 596.7d 691.7d
a Values for DfH

m (aq)
+ are those selected in table 5; values for DfH

m (aq)
 are from
CODATA9: [Cl] (aq) = 167.1 ± 0.1 kJ mol1; [Br](aq) = 121.4 ± 0.2 kJ mol1;
[I](aq) = 56.8 ± 0.1 kJ mol1; values for DsolH

m are those selected in table 6.
b Calculated using enthalpy of formation of the cation DfH

m (aq,
Pr)4N+) = 316.5 kJ mol1 obtained from equation: DfH

m (aq)
+ = 104.7n  2.4
(R2 = 0.9995) see figure 1.
c Calculated using enthalpy of formation of the cation DfH

m (aq,
Am4N+) = 525.9 kJ mol1 obtained from equation: DfH

m (aq)
+ = 104.7n  2.4
(R2 = 0.9995) see figure 1.
d Calculated from equation: DfH

m (cr) = 89.2n  245.7 (R2 = 0.9981) given for
[(CnH2n+1)4N][NO3] (see figure 1).
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jct.2012.02.035.
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ABSTRACT: Vaporization enthalpy of an ionic liquid (IL) is a key physical property for
applications of ILs as thermofluids and also is useful in developing liquid state theories and
validating intermolecular potential functions used in molecular modeling of these liquids.
Compilation of the data for a homologous series of 1-alkyl-3-methylimidazolium
bis(trifluoromethane-sulfonyl)imide ([Cnmim][NTf2]) ILs has revealed an embarrassing
disarray of literature results. New experimental data, based on the concurring results from
quartz crystal microbalance, thermogravimetric analyses, and molecular dynamics
simulation have revealed a clear linear dependence of IL vaporization enthalpies on the
chain length of the alkyl group on the cation. Ambiguity of the procedure for extrapolation
of vaporization enthalpies to the reference temperature 298 K was found to be a major
source of the discrepancies among previous data sets. Two simple methods for temperature
adjustment of vaporization enthalpies have been suggested. Resulting vaporization
enthalpies obey group additivity, although the values of the additivity parameters for ILs
are different from those for molecular compounds.
■ INTRODUCTION
Research on ionic liquids (ILs) and their industrial applications
has expanded rapidly over the past decade. One of the most
attractive features of ILs is their negligible vapor pressure at
ambient temperatures. At elevated temperatures relevant for
many applications of ILs, however, the vapor pressure is no
longer negligible, even though it remains small (approximately
at the level of a few Pa). Hence, for chemical processing with
ILs, knowledge of the vapor pressure and vaporization
enthalpies, ΔlgHmo , is indispensable. Moreover, vapor pressures
and enthalpies of vaporization also play a crucial role in the
development of liquid state theories, and so there is additional
motivation to understand these properties for ILs. Experimental
measurements of the vaporization enthalpies are extremely
challenging because of two main problems. The vapor pressures
of ILs at ambient temperature are so low as to be practically
immeasurable, whereas at high temperatures where vapor
pressures can be measured, possible thermal decomposition
processes can distort the results. As a matter of fact, with the
exception of the Knudsen method,1,2 traditional experimental
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techniques for vapor pressure measurement have not been
developed for extremely low volatility liquids such as ILs. This
has stimulated the development of new direct experimental
methods such as temperature programmed desorption and line
of sight mass spectrometry (LOSMS),3,4 thermogravimetry
(TGA),5−7 high-temperature UV spectroscopic technique
(UV),8 and quartz crystal microbalance (QCM).9,10 As a rule,
the vaporization studies of ILs have been conducted at
temperatures between 360 and 600 K.3−10
A homologous series of the 1-alkyl-3-methylimidazolium
bis(trifluoromethane-sulfonyl)imides or [Cnmim][NTf2] is
beyond any doubt the most frequently investigated class of
IL for the study of vaporization enthalpies. There are at least
two reasons for this extended interest. First, it is well-known
that these ILs have remarkable thermal stability such that they
can be distillated without decomposition at elevated temper-
atures of 473 to 573 K.11,12 The second aspect is that the
increasing length of the cation alkyl chain should lead to
predictable monotonic structure−property relations such as
those exhibited by molecular liquids such as alkanes. However,
it is unclear whether ILs follow the same monotonic pattern or
not, especially for the vaporization enthalpy. We have collected
the available literature data on vaporization enthalpies of
[Cnmim][NTf2] in Table S1 (Supporting Information (SI))
and present these data graphically in Figure 1. It is apparent
that the available vaporization enthalpies of [Cnmim][NTf2] are
in total disarray. The vaporization enthalpy chain length
dependence in Figure 1 resembles the “Milky Way” rather than
any reasonable relationship. However, not without bias, some
definite trends in the ΔlgHmo values of [Cnmim][NTf2] (see
Figure 2) can be suggested and even justified. For example, a
very unusual (for a homologous series) and noticeably
nonlinear and even “bent up” dependence of ΔlgHmo on alkyl
chain length (in the imidazolium cation) was observed (see
Figure 2) for ethyl-, butyl-, hexyl-, and octyl- derivatives
determined by the Knudsen method2 and by LOSMS.3 By
contrast, the direct calorimetrically measured values of
vaporization enthalpies13 for the same set of ILs demonstrated
(see Figure 2) the expected linear dependence of the ΔlgHmo on
the chain length. What is curious about the calorimetry data,
however, is the unusually high contribution each additional
CH2 group makes to the vaporization enthalpy (8.9 ± 0.6 kJ
mol−1).13 For comparison, in alkanes, the incremental increase
in vaporization enthalpy per CH2 group is about half this (4.95
± 0.10 kJ mol−1).14
Another and more sophisticated dependence of vaporization
enthalpies was reported recently using the Knudsen effusion
apparatus, combined with a QCM.10 Two distinct slopes in the
vaporization enthalpy versus alkyl chain length curve were
clearly observed for the [Cnmim][NTf2] ILs series, with the
change in slope occurring at [C6mim][NTf2] (see Figure 2).
This behavior was explained in terms of a structural percolation
phenomenon in which the longer alkyl chains form aggregates
in the liquid phase, thereby lowering the vaporization enthalpy
for the longer alkyl chains.10 Such an aggregation phenomenon
has been reported in several simulation15,16 and experimental
studies,17 but this was the first time such a phenomenon was
used to explain10 an anomaly in an enthalpy of vaporization
trend.
Given all these conflicting results, the obvious questions are:
What is the right trend within the “Milky Way” spread of the
experimental results? Do vaporization enthalpies exhibit a
typical linear increase in vaporization enthalpy with increasing
chain length, albeit at a greater slope than alkanes? Or, do they
show a “bent up” increase or an aggregate-driven decrease
beyond a certain chain length?
We attempt to resolve this contradiction using a combination
of precise experimental measurements and atomistic simu-
lations to examine the vaporization enthalpies for the
[Cnmim][NTf2] family with odd and even chain length of
the alkyl-imidazolium cation. Two recently developed meth-
ods7,9 were used for the experimental investigation. The first
method was a homemade set up for the Langmuir vaporization
from the open liquid surface coupled with the QCM.9,18 The
combination of high-vacuum conditions with the extremely
sensitive QCM allows measurements of mass loss rates for ILs
at temperatures down to 363 K. In contrast to the conventional
Knudsen method, the Langmuir vaporization is significantly
more sensitive since the total open surface is exposed to the
QCM under vacuum conditions. The second method used a
commercially available TGA for the vaporization enthalpy
measurements.7,19 The TGA procedure has been carefully
developed for very low volatility compounds. It has been shown
that the vaporization enthalpies for the reference compounds
Figure 1. Available literature data on the enthalpy of vaporization,
ΔlgHmo (298 K) chain length (n) dependence for [Cnmim][NTf2].
Figure 2. Some possible trends in the vaporization enthalpy chain-
length dependence. (◊) Knudsen effusion method [2]; (□) LOSMS
[3]; (+) calorimetry [13]; (○) QCM-Knudsen [10].
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could be obtained with an accuracy better than ±2−3 kJ·mol−1
in comparison to the reliable literature data.7
Atomistic molecular dynamics (MD) simulations were also
carried out using force fields validated to capture the liquid
phase properties of this class of ILs. Previous work from our
group20 and others21 has shown that vaporization enthalpies
can be reliably computed with MD. Since the aggregation
phenomena used to explain the change in slope of the
vaporization enthalpy occurring at [C6mim][NTf2] is observed
in MD simulations, it will be of interest to see if this causes a
change in slope for the simulation results.
The objectives of the present work were twofold: (a) to
investigate structure−property relations within the [Cnmim]-
[NTf2] family using experimental and computational methods,
and (b) to develop an approach for the temperature
adjustments of IL vaporization enthalpies, required for the
proper comparison of the experimental data. As to objective
(a), we will show that the chain length dependence of the
vaporization enthalpy of this family of ILs is (within the
boundaries of experimental and simulation uncertainties)
represented by a straight line. As to objective (b), it will be
shown that most of the literature experimental data on
vaporization enthalpies for the [Cnmim][NTf2] series are of a
good quality and the scattered “Milky Way” behavior depicted
in Figure 1 is simply the consequence of oversimplified
adjustment of the results from the elevated experimental
temperatures to the reference temperature 298 K. Two simple
and robust procedures will be suggested for the proper
adjustment of the vaporization enthalpies to any required
temperature.
■ EXPERIMENTAL SECTION
General Procedures. Samples of [Cnmim][NTf2] with
even alkyl chain numbers were commercially available from
IoLiTec, Sigma-Aldrich, and Merck. The samples with odd
numbers were prepared and purified at the University of
Freiburg (the procedure is given in the SI). Prior to the
experiments, the ILs were subjected to vacuum evaporation at
333 K for more than 24 h. The highly pure sample of
[C1mim][NTf2] was prepared and purified by Proionic GmbH.
All ILs were fully characterized by IR, Raman, and NMR
spectroscopy (1H and 19F nuclei). Purity was additionally
always controlled by 7Li NMR spectra, to ensure the absence of
lithium halides. The ILs were dried at 60 °C/10−3 mbar until
water contents of <20 ppm were achieved (Karl Fischer-
titration). Additional conditioning of an IL-sample was
performed inside of the experimental set up in order to remove
possible traces of solvents and moisture. The conditioning was
repeated until a reproducible mass loss within two consecutive
runs was recorded.
QCM: Measurements of Vaporization Enthalpy.
Enthalpies of vaporization of the even and odd ILs have been
measured using the QCM technique. The experimental
procedure has been reported elswhere.9 In short, a sample of
IL placed in an open cavity of a thermostatted metal block is
exposed to a vacuum system (at 10−5 Pa). The QCM is placed
directly over the measuring cavity containing the IL. The
change in the vibrational frequency of the crystal Δf is a
measure of the amount of IL deposited on the cold QCM. The
value of Δf was measured as a function of time at different
temperatures. The change of the vibrational frequency Δf is
directly related to the mass deposition Δm on the crystal
surface according to equation9,18
Δ = − · ·Δ · −f C f m S2 C 1 (1)
where f is the fundamental frequency of the crystal (5 MHz in
this case) with Δf ≪ f, SC is the area of the crystal, and C is a
constant.9,18 Using the frequency change rate df/dt measured
by the QCM the molar enthalpy of vaporization, ΔlgHmo (T0), is
obtained9 by
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with a constant A′, which is essentially unknown including all
empirical parameters which are specific for the apparatus and
the substance under study. T0 appearing in eq 2 is an arbitrarily
chosen reference temperature. In our study, T0 was set equal to
380 K, 542 K, or 298 K. The value ΔlgCpmo = Cpmo (g) − Cpmo (1) is
the difference of the molar heat capacities of the gaseous
Cpm
o (g) and the liquid phase Cpm
o (1), respectively. The
temperature-dependent vaporization enthalpy ΔlgHmo (T) is
given by
Δ = Δ + Δ −H T H T C T T( ) ( ) ( )lg mo lg mo 0 lg pmo 0 (3)
The frequency change rate df/dt was measured in a few
consecutive series with increasing and decreasing temperature
steps. The background noise can impact the QCM signal. As a
rule, it depends on the vacuum conditions and possible deposits
on the internal parts of the vacuum chamber. In order to reduce
the impact of the background noise on the QCM, it was kept at
a constant temperature of 30 K higher than the temperature of
walls of the vacuum system. Preliminary experiments have
revealed that the background noise was less than 0.5−1% of the
frequency change rate at the lowest temperature of
determination. After each run, the sample of IL was cooled
down, and the effect of background noise was checked. The
QCM method provides very reproducible temperature depend-
ences of the frequency change rate df/dt. The experimental
uncertainties assessed for the vaporization enthalpy from the
df/dt temperature dependences were always better than ±1
kJ·mol−1 (calculated as the twice standard deviation). In order
to detect a possible decomposition of IL under the
experimental conditions, the residual IL in the cavity and the
IL-deposit on the QCM were analyzed by attenuated total
reflectance-infrared (ATR-IR) spectroscopy. No changes in the
spectra were detected with the ILs under study in this work.
TGA: Measurements of Vaporization Enthalpy. We
used a carefully calibrated Perkin-Elmer Pyris 6 TGA in this
work. About 50−70 mg of the IL sample was placed in a plain
platinum crucible inside of the measuring head of the TGA.
The sample was stepwise heated and a mass loss of 0.1−0.8 mg
from the crucible was recorded at each isothermal step.
Isothermal mass loss rate dm/dt was monitored in the
temperature range 480−620 K at a nitrogen flow rate of 140
mL·min−1. Isothermal mass loss rate dm/dt was measured in a
few consecutive series with increasing and decreasing temper-
ature steps. In order to confirm the absence of decomposition
of IL in the experimental conditions, the residual IL in the
crucible was analyzed by ATR-IR spectroscopy. No changes in
the spectra before and after the experiment were detected for
the ILs under study.
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The relationship between the mass loss dm/dt and the
vaporization enthalpy was derived according to eq 1 but by
using the mass loss rate dm/dt measured by the TGA (instead
of the frequency change df/dt by QCM). Combined
experimental uncertainties of the determination of vaporization
enthalpy with the TGA were assessed7 to be at the level of ±3.0
kJ·mol−1 (calculated as the twice standard deviation).
Force Field and MD Methodology. A force field for each
cation and the [NTf2] anion was developed using procedures
described in detail elsewhere.22 Briefly, a standard Class I force
field was used, containing intramolecular bond stretching, angle
bending, dihedral rotation and improper terms. Intermolecular
pairwise Lennard-Jones and Coulombic terms were also used.23
Atom types, Lennard-Jones parameters, and intramolecular
terms were taken directly from the generalized Amber force
field (GAFF).24 Lennard-Jones terms for cross interactions
were derived using Lorentz−Berthelot combining rules.
Electronic structure calculations were carried out on an isolated
cation and anion using the Gaussian 09 package25 at the
B3LYP/6-31g(d) level. The structure of the ions was optimized
and partial atomic charges were determined using the restrained
electrostatic potential (RESP) method.26 The ion charges were
constrained to be ±1, and then the resulting partial charges
were uniformly scaled to achieve a net ion charge of ±0.8. This
reduction of net charge has been shown to be an effective way
to mimic charge transfer without using a polarizable force field,
and is expected to give much more accurate enthalpies of
vaporization.27−30 The GAFF database does not do a
particularly good job with alkyl chain dihedral angles, so the
dihedral angle potential of the alkyl chains was parametrized by
matching energy scans in which B3LYP/6-31g(d) geometry
optimizations were performed, followed by single point energy
calculations at the MP2/6-31g(d) level. Each calculation
constrains a dihedral angle of interest to a specific value and
lets all other degrees of freedom relax. MD simulations are then
carried out with similar constraints, and the dihedral angle
parameters were fit to match the ab initio energies.22 MD
simulations of the ILs [Cnmim][NTf2] with n = 1−12 were
carried out using the LAMMPS package.31 The liquid phase
consisted of 200 ion pairs simulated at constant pressure and
temperature. Standard procedures were used to ensure the
system was well equilibrated. The algorithm of Shinoda et al.32
as implemented in LAMMPS was used, with thermostat and
barostat time constants of 0.1 and 1.0 ps, respectively. The
Lennard-Jones potential was truncated at 0.12 nm and tail
corrections were used. Coulombic interactions were treated
using the particle−particle−particle mesh approach. The liquid
phase was simulated for 4 ns and an independent 40 ns
simulation of a single ion pair in the vapor phase was also
carried out. Previous simulations and experiments have shown
that the ion pair is the dominant vapor phase species at low
pressure.33−35
The enthalpy of vaporization was computed from the
difference between the molar energies of the vapor and liquid
phases
Δ = ⟨ ⟩ − ⟨ ⟩ +H T U T U T RT( ) ( ) ( )g llg mo (4)
where ⟨Ug⟩ and ⟨Ul⟩ are the ensemble average internal energies
of an ion pair in the gas and liquid phases, respectively. The
difference in heat capacity at constant pressure between the
liquid and gas phases ΔlgCpmo was computed following a
procedure given by Lagache et al.36 The heat capacity can be
split into ideal and residual components, with the residual heat
capacity obtained from the simulations via the following
expression:
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where UNB is the intermolecular “non-bond” energy, and Ĥ = U
+ PV is the configurational enthalpy. The ideal contribution to
the heat capacity can be obtained readily from electronic
structure calculations, although since differences ΔlgCpmo are
required and the ideal contribution is unaffected by the
condensed phase, the following expression was used:
Δ = −C C C(g) (l)lg P Pres Pres (6)
to estimate the heat capacity difference by using MD and to
compare it with the experimental value.
■ RESULTS AND DISCUSSION
Vaporization Enthalpies, ΔlgHmo (Tav), of [Cnmim][NTf2]:
Experiment and Simulation. Vaporization enthalpies,
ΔlgHmo (Tav), referred to average temperatures of the exper-
imental temperature ranges obtained from temperature-
dependent measurements of the frequency change df/dt by
the QCM, and the mass loss rate dm/dt by TGA for the odd
members of the homologous series [Cnmim][NTf2] with the
alkyl chain lengths n = 1, 3, 5, and 7 are given in Table 1 (the
primary experimental data are listed in Table S1 in the SI). In
order to get the full picture, we also collected in Table 1 our
previous results for the even members of this family measured
just recently by QCM18 as well as by TGA.19
It is apparent from Table 1 that Tav values for ILs under
study are significantly different depending on the chain length
n, as well as on the method used: long-chained species were
studied at significantly higher temperatures in comparison to
shorter one, as well as the TGA studies were performed at
temperatures of 30−150 K higher in comparison to the QCM.
As a matter of fact, enthalpies of vaporization ΔlgHmo (Tav)
derived from both methods (see column 3, Table 1) were not
possible to compare because they referred to different Tav
values. For the sake of comparison, enthalpies of vaporization
ΔlgHmo (Tav) (column 3, Table 1) have to be adjusted to any
arbitrary but reasonable common temperature, which ideally is
close to the average temperatures Tav of the individual
measurements. For the QCM studies, the suitable temperature
was 380 K, while for the TGA results we chose 572 K for
comparison (see Figure 3). For comparison as well as in order
to keep consistency with our previous work, we f irst used in the
current work the commonly acknowledged value37 ΔlgCpmo =
−100 J·K−1·mol−1 in eq 3. Comparison of the vaporization
enthalpies at the selected temperatures 380 K for QCM and at
572 K for TGA should be least affected by an ambiguity of the
ΔlgCpmo value because of the deliberately short extrapolations
from Tav of the individual measurements. It is apparent from
Figure 3 that the vaporization enthalpies for the
[Cnmim][NTf2] family (omitting n = 1) show an impeccable
linear dependence on the number of C-atoms in the alkyl chain
of the imidazolium cation, n, when measured by using the
QCM. The scatter of the results obtained by the TGA is
somewhat larger, but within the experimental uncertainties, the
linear correlation (omitting n = 1) is also apparent for the data
from TGA. For comparison with our own vaporization
enthalpies measured by TGA and QCM, we have added to
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Figure 3 recent literature data from Rocha et al. measured by
the combined Knudsen-QCM method.10 We selected for
comparison with their data the temperature 475 K, and in this
case we again used the value ΔlgCpmo = −100 J·K−1·mol−1 for
interpolation of vaporization enthalpies from Tav to the selected
T = 475 K. Experimental uncertainties of our measurements as
well as of the literature data are presented in Figure 3 as the
error bars. In our opinion, the experimental vaporization
enthalpies from the combined Knudsen-QCM method10 also fit
very well (within the error bars) the linear dependence on the
chain length n, similar to our own finding. This conclusion
disagrees with the interpretation given in ref 10, where the
authors consider their Knudsen-QCM results as an unusual
evidence for “structural percolation phenomenon.” It is also
clear from Figure 3 that, in order for one to observe a change in
slope of the enthalpy of vaporization in Rocha et al.’s data,10
one must throw out the n = 2 data point, despite the fact that
Rocha et al. state in their paper that the enthalpy of
vaporization “results for [C2mim][NTf2] and [C4mim][NTf2]
from Santos et al.13 are in reasonable agreement with the
present set of results or most of the results found in the
literature.” Thus we are unsure what the justification is to
exclude the n = 2 data from the fitting. We show that if one uses
all of Rocha et al.’s data and consider the associated
uncertainties, there is no change in slope. Or, if one chooses
to take the n = 3 point as an outlier (for example), there is also
no break in slope. This is clearly seen in Figure 3 of the present
work. In addition to pointing this out, we provide our own
experimental data for even and odd [Cnmim][NTf2] with n = 1
to n = 18 (see Table 1) and show that from n = 2 to n = 18
there is no change in slope. We do see an “outlier” at n = 1, but
then also confirm both observations with simulations (see
below), which shows why one should see an outlier at n = 1
(due to Coulombic and van der Waals trends). From the data
presented in Figure 3, we do not observe any discontinuities in
the linear trend on enthalpy of vaporization with chain length
(except for n = 1) within the error bars for all three data sets. In
our opinion, the “structural percolation phenomenon” or
nanoscale aggregation of alkyl chains, which is thought to
occur in ILs,10 does not result in two distinct trends in the
enthalpy of vaporization with chain length, as it has been
claimed recently.10 Rather, it seems that this is an artifact that
was overinterpreted by the authors within the boundaries of
their experimental uncertainties. Simulation results described
below give further support for this conclusion.
The enthalpies of vaporization ΔlgHmo (Tav) computed in the
present work using MD simulations are shown in Figure 4
along with the experimental results from Rocha et al.10
The solid lines are linear fits to the n = 2−12 data. As can be
observed, the MD results show a monotonic increase in the
enthalpy of vaporization with no discontinuity, in agreement
with the experimental results of the present QCM and TGA
study, but in contrast to the experimental data of Rocha et al.10
(right panel) where there is a change in slope claimed at about
n = 6. We also tried to fit two different slopes through the
simulation results for n = 2−6 and n = 7−12, and these fits are
shown as dashed lines in the upper panel of Figure 4. It could
be argued that there is a slight change in slope, with increment
Table 1. Experimental Vaporization Enthalpies, ΔlgHmo , of
[Cnmim][NTf2] at Tav and at 298 K
T-range/K Tav/K
ΔlgHmo (Tav)
kJ·mol−1
ΔlgHmo (298 K)a
kJ·mol−1 method
[C1mim][NTf2]
345−400 381.6 119.9 ± 1.0 128.2 ± 1.0 QCM
543−623 590.0 104.3 ± 1.6 133.5 ± 1.6 TGA
[C2mim][NTf2]
362−395 378 118.6 ± 1.0 126.9 ± 1.0 QCM
480−570 520.2 110.5 ± 1.5 132.7 ± 1.5 TGA
[C3mim][NTf2]
362−395 380.3 121.4 ± 1.0 129.6 ± 1.0 QCM
480−570 546.2 108.8 ± 2.6 133.6 ± 2.6 TGA
[C4mim][NTf2]
362−395 378 124.4 ± 1.0 132.4 ± 1.0 QCM
513−572 541.8 113.5 ± 1.5 137.8 ± 1.5 TGA
[C5mim][NTf2]
362−404 381.7 127.8 ± 1.0 136.2 ± 1.0 QCM
523−603 560.8 110.5 ± 1.9 136.8 ± 1.9 TGA
[C6mim][NTf2]
362−405 383 131.6 ± 1.0 140.1 ± 1.0 QCM
513−571 541.8 118.0 ± 1.8 142.3 ± 1.8 TGA
[C7mim][NTf2]
364−406 385.3 133.5 ± 1.0 142.2 ± 1.0 QCM
503−603 553.7 114.3 ± 1.9 139.9 ± 1.9 TGA
[C8mim][NTf2]
372−402 387 136.8 ± 1.0 145.7 ± 1.0 QCM
513−571 541.8 122.6 ± 1.0 147.0 ± 1.0 TGA
[C10mim][NTf2]
380−410 394.6 142.5 ± 1.0 152.1 ± 1.0 QCM
493−552 522 125.2 ± 1.0 147.5 ± 1.0 TGA
[C12mim][NTf2]
392−425 408.4 147.0 ± 1.0 158.0 ± 1.0 QCM
503−562 533.5 126.0 ± 1.1 149.5 ± 1.1 TGA
[C14mim][NTf2]
400−432 416.2 152.5 ± 1.0 164.3 ± 1.0 QCM
513−571 541.8 132.7 ± 1.0 157.1 ± 1.0 TGA
[C16mim][NTf2]
405−445 424.8 156.3 ± 1.0 169.0 ± 1.0 QCM
513−571 541.8 136.4 ± 1.4 160.8 ± 1.4 TGA
[C18mim][NTf2]
410−452 430.3 162.4 ± 1.0 175.6 ± 1.0 QCM
546−621 582.5 138.5 ± 1.4 166.8 ± 1.4 TGA
aEnthalpies of vaporization for ILs were adjusted to 298 K with ΔlgCp
= −100 J·K−1·mol−1; uncertainties in the heat capacity differences were
not taken into account.
Figure 3. Dependence of the enthalpy of vaporization, ΔlgHmo (Tav) for
1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imides on
the length of the cation alkyl chain (n).
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of vaporization enthalpy per CH2 actually increasing slightly for
the longer alkyl chains. However, this change is miniscule
compared to the uncertainties in the calculations, and thus
within the statistical uncertainties of the simulations. It can be
concluded that the MD simulations show that the enthalpy of
vaporization exhibits a simple linear dependence with chain
length for n = 2−12. Following previous procedures,38,39 the
internal energies for the liquid and the vapor phases were
divided into the contributions from Coulomb, van der Waals,
and intramolecular terms. The differences for all three
contributions or the driving forces for the vaporization enthalpy
obtained from the MD simulations are shown in Figure 5 for
the ILs [Cnmim][NTf2].
The Coulomb energy monotonically decreases from
[C2mim][NTf2] to [C12mim][NTf2] by 4 kJ·mol
−1 for 380 K
(7 kJ·mol−1 at 572 K) for all ILs, and shows a slightly larger
drop per CH2 in going from [C1mim][NTf2] to [C2mim]-
[NTf2]. This latter feature is similar to the calculations by
Köddermann et al.,39 where the Coulomb energy drops by 4.5
kJ·mol−1 (at 298 K) from [C1mim][NTf2] to [C2mim][NTf2],
and is consistent with the physical argument presented above.
In contrast to the present study, however, the results of
Köddermann et al.39 suggest that the Coulombic energy
contribution remains unchanged as the length of the alkyl
chains increase beyond n = 2. Consistent with the findings of
Köddermann et al.,39 however, we also find that the increase in
enthalpy of vaporization for [Cnmim][NTf2] with increasing
chain length arises completely from van der Waals interactions,
which are the dominant driving force of the vaporization
process.
Rocha et al.10 attributed the change in slope of the
vaporization enthalpy with chain length to a structural
percolation phenomenon associated with the aggregation of
cation alkyl tails for n > 6. The percolation phenomena was first
observed by MD simulations15,16 and further quantified by
Rocha et al.10 Color-coded simulation snapshots were used to
provide qualitative evidence that the alkyl tails of the cations
tend to aggregate as n > 6. To quantify this behavior, Rocha et
al.10 computed the height of the first and second peaks on the
terminal alkyl carbon−carbon radial distribution function
(RDF), identified as the CT−CT RDF, for n = 2−10. They
observed a growth in the height of the primary CT−CT peak
for n = 2−6, and then a plateau of the peak height for n > 6.
They also observed that the distance of the second peak shifts
from about 0.95 to 0.85 nm as the chain length increases above
n = 6. These features provide clear evidence for nanoscale
ordering in the MD simulations, which was then used to explain
the change in slope of the experimental vaporization enthalpy
curve. Unfortunately, the authors did not report the enthalpies
of vaporization from the MD simulations where this
aggregation behavior was observed.
To examine this further, we carried out the same analysis that
Rocha et al.10 did to see whether our MD simulations exhibited
a similar aggregation behavior. The results are shown in Figure
6.
Similar to what Rocha et al.10 observed, our MD simulations
show clear evidence of nanoscale ordering of the alkyl tails. The
lower left panel of Figure 6 shows that the primary peak height
plateaus at around n = 6−7. The lower right panel of Figure 6
shows that the location of the second peak changes significantly
for n < 6 and decreases by about 0.1 nm in going from n = 4 to
n = 8. The exact values of the peak heights and positions
obtained in the present work differ from those of Rocha et al.10
Figure 4. Vaporization enthalpy of [Cnmim][NTf2] at 380 and 572 K from MD simulations (this work, left) compared with the experimental data of
Rocha et al.10 (right) where a discontinuity in the trend is observed at around n = 6.
Figure 5. Effect of alkyl chain length on the total enthalpy of
vaporization and the various components at 380 K and 572 K. The
symbols have the following meaning: triangles (total enthalpy); circles
(van der Waals contribution); squares (Coulombic contribution);
diamonds (intramolecular contribution).
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because a different force field was used. In particular, Rocha et
al.’s force field results in a more structured liquid than that
obtained in our simulations, which is likely because they used
integer charges on their cations and anions, while scaled
charges of ±0.8 where used in the present study. Nevertheless,
the similarity between the two simulations is striking. Both sets
of simulations show clear evidence of nanoscale ordering, but
despite this, the present MD simulations do not show deviations
f rom the monotonic change in vaporization enthalpy with chain
length. This suggests that, at least to the extent that the MD
simulations are capturing the energetics of these ILs, the
presence of nanoscale ordering does not necessarily result in
the kind of slope change in the vaporization enthalpy curve
reported by Rocha et al.10
A comparison of the absolute ΔlgHmo (T) values from the MD
simulations and experiments is given in Table 2 and Figure 7.
At 380 K, there is a consistent offset with the MD simulations
predicting vaporization enthalpies about 10% higher than the
experimental QCM data. At 572 K, the MD results are in better
agreement with the experimental TGA data, although the
relatively large uncertainties of the TGA experiment make it
harder to be certain of this. What is clear is that the MD
simulations and two different sets of experiments have
essentially the same slope, and no discontinuities are observed.
The similarity of slopes for short and long chains supports the
assumption made in the MD simulations that the vapor phase
consists of single ion pairs. However, in recent work,40 we have
observed that at high temperature and pressure, clusters could
be formed, and, in fact, van der Waals interactions go down
with increasing chain length. The present experiments are at
sufficiently low pressure, however, that we do not expect to
observe any significant amount of clustering in the vapor phase.
How Does One Adjust ΔlgHmo (T) Values to the
Reference Temperature 298 K Properly? In order to
reveal reliable structure−property relationships for the
[Cnmim][NTf2] family, the experimental values ΔlgHmo (Tav)
(column 3, Table 1) were adjusted using eq 3 to 380 K (for
QCM) and 572 K (for TGA), which were reasonably close to
the Tav of the individual experiments. That is why the values of
vaporization enthalpies were hardly affected by uncertainty in
the ΔlgCpmo value used for extrapolation. Such a procedure has
allowed a proper interpretation of the chain-length trends at the
selected temperatures. However, it is very common to adjust
the vaporization enthalpies also to the reference temperature
298 K, because the ΔlgHmo (298 K) data are required for
validation of the high-level first principle calculations41 as well
as for development of the reliable force fields for MD
Figure 6. (Top): Terminal alkyl carbon RDF (CT−CT) for [Cnmim][NTf2], n = 1−12. (lower left): Height of the first peak of the CT−CT RDF as
a function of chain length. (Lower right): Height of the second peak of the CT−CT RDF as a function of position of the second peak.
Table 2. Experimental and MD Calculated Enthalpies of
Vaporization, ΔlgHmo , of [Cnmim][NTf2]
ΔlgHmo
(QCM)
ΔlgHmo
(MD)
Δ
(QCM-
MD)
ΔlgHmo
(TGA)
ΔlgHmo
(MD)
Δ
(TGA-
MD)
n in
[Cnmim]
[NTf2] 380 K 572 K
1 119.8 130.2 −10.4 105.6 111.1 −5.5
2 118.5 129.3 −10.8 107.7 109.5 −1.8
3 121.4 132.6 −11.2 106.8 111.2 −4.4
4 124.3 136.0 −11.7 111.5 113.1 −1.7
5 128.0 138.9 −11.0 109.4 114.7 −5.3
6 131.9 142.4 −10.6 115.4 116.6 −1.2
7 134.1 146.1 −12.0 112.2 119.0 −6.8
8 137.4 149.8 −12.4 119.9 121.4 −1.5
9 153.0 124.6
10 144.5 157.8 −13.4 118.4 127.0 −8.6
11 162.2 130.1
12 151.8 165.8 −14.0 119.5 132.5 −13.0
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simulations.40 Extrapolation to T = 298 K is usually done by
using eq 3, but it is essential to realize that over large differences
(over 100 K) between Tav and the reference temperature, the
value of ΔlgCpmo used in the extrapolation is crucial. Small
differences in ΔlgCpmo will result in large differences in
ΔlgHmo (298 K). However, ambiguity of the ΔlgCpmo values
required for the extrapolation of experimental vaporization
enthalpies to the reference temperature 298 K has been
discussed recently.7,9,19 As a matter of fact, in the recent
literature, the value ΔlgCpmo = −100 J·K−1·mol−1 (regardless of
the structure of the IL) has been systematically used for the
temperature adjustments according to eq 3. This ΔlgCpmo value is
based on the calorimetric liquid heat capacity measurements for
a single IL [C4mim][PF6] and statistical thermodynamic
calculations.41 A similar value of ΔlgCpmo = −105.4 J·K−1·mol−1
was also derived, according to a procedure developed by
Chickos and Acree42 using the experimental isobaric molar heat
capacity of [C4mim][N(CN)2].
43 However, it should be
mentioned that the estimation procedure by Chickos and
Acree43 was parametrized only for molecular liquids and not for
ILs. Thus, the current ΔlgCpmo value broadly applied for
temperature adjustments for ILs is a rough estimate used
regardless of the structure of an IL.
Formally, ΔlgCpmo is the difference of molar heat capacities of
the liquid and the gaseous samples: ΔlgCpmo = Cpmo (g) − Cpmo (1).
As a rule, for ILs, the values of Cpm
o (1) can be reliably measured
by calorimetry or even be assessed by simple additivity rules.44
In contrast, the experimental determination of the heat capacity
of a gaseous IL is not possible. Therefore the heat capacity
Cpm
o (g) is usually derived using the frequencies calculated by
quantum chemistry, which are then used to estimate Cpm
o (g)
using well-known statistical thermodynamics procedures.45
However, it has turned out that use of this procedure in the
case of the [Cnmim][NTf2] family seems to be incorrect, e.g.,
for [C2mim][NTf2], we estimated the value ΔlgCpmo (298 K) =
−137.7 J·K−1·mol−1, where we used the experimental Cpmo (1),
44
and Cpm
o (g) was calculated in this work by using density
functional theory (DFT) calculations. However, this ΔlgCpmo
estimate contradicts recent experimental results, which showed
that enthalpy of vaporization data for [C2mim][NTf2] obtained
using different experimental methods agree only for the heat
capacity difference not higher than −50 J·K−1·mol−1 (see details
in ref 9).
How to resolve this contradiction? As a matter of fact, in the
literature, there are no other data or even ideas of how to
obtain ΔlgCpmo values for ILs. As a consequence, by using the
value of ΔlgCpmo = −100 J·K−1·mol−1, the ΔlgCpmo (298 K) data are
generously overestimated, and this fact has heavily aggravated
comparison of vaporization enthalpies measured by different
methods.5−19 This fact also has thwarted further development
of these methods. The common use of ΔlgCpmo = −100
J·K−1·mol−1 as a constant for all ILs regardless on the structure
is obviously an oversimplification since ΔlgCpmo will differ for ILs
with different cations and anions, as well as it should also vary
as a function of alkyl chain length n. A significant amount of the
discrepancies among the literature vaporization enthalpies for
the [Cnmim][NTf2] series at 298 K as measured by different
methods is most likely due to the long temperature range (80−
270 K) over which extrapolation of the measured ΔlgHmo at Tav
to the reference temperature is performed. As a consequence,
accurate ΔlgHmo (298 K) data will not be available until reliable
values of ΔlgCpmo or Cpmo (g) for ILs have been obtained.
19
In this work we provide a simple and elegant procedure for
properly assessing the correct ΔlgCpmo values to use for the
[Cnmim][NTf2] series. This procedure is based on the
experimental measurements of vaporization enthalpies
ΔlgHmo (Tav) with two different methods at two different Tav.
In the current work, we deliberately measured for each IL
under study the enthalpies of vaporization ΔlgHmo (Tav) (column
3, Table 1) using QCM and TGA at two significantly different
average temperatures Tav. Hence, we need only to rewrite eq 3
as follows:
Δ = Δ − Δ
−
C H T H T
T T
( ( ) ( ) )
/[( ) ( ) ]
l
g
pm
o
l
g
m
o
av QCM l
g
m
o
av TGA
av QCM av TGA (7)
in order to obtain the experimental differences between heat
capacities ΔlgCpmo indirectly. These values for the [Cnmim]-
[NTf2] series calculated with eq 7 are given in Table 3.
It is apparent from Table 3 (column 3) that ΔlgCpmo values
estimated from eq 7 are definitely chain length dependent.
They are also quite different from the “acknowledged” constant
value ΔlgCpmo = −100 J·K−1·mol−1 used by most of the
community.37 For the calculation according to eq 7, we have
deliberately used only our own ΔlgHmo (Tav) data; however, the
ΔlgCpmo values derived according to eq 7 using all available data
collected for [Cnmim][NTf2] in Table S1 (SI) are indis-
tinguishable within the boundaries of their uncertainties (see
Table S1, column 4 and 5). The latter fact serves as good
evidence that the simple ΔlgCpmo procedure designed in the
current study is correct, because the assessed resulting ΔlgCpmo
values are independent of the experimental method. It is quite
surprising that the level of absolute ΔlgCpmo values for the initial
representatives of the [Cnmim][NTf2] family were significantly
lower than the “expected” value of ΔlgCpmo = −100 J·K−1·mol−1.
For the sake of comparison, we have also calculated ΔlgCpmo for
the similarly shaped linear alkanols CnH2n+1OH with n = 1−14
(see Table S3 column 4). Once again, we were very surprised
that the absolute values of ΔlgCpmo as well as the general trends
with increasing chain length are very close for ILs and the polar
molecular compounds like linear alkanols (see Table S3 column
4).
Being simultaneously surprised and confused with the
general level of the heat capacity difference ΔlgCpmo for ILs, it
became apparent that at least one additional approach is
required to assess this difference independently from the
Figure 7. The experimental and calculated enthalpies of vaporization
for [Cnmim][NTf2] at 380 and 572 K.
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experimental procedure designed above. For this purpose, we
decided to use the basics of statistical thermodynamics where
the heat capacities of liquid and gaseous phases can be assessed
as a sum of translational, rotational, and vibrational
contributions. The isobaric and the isochoric heat capacities
of both phases are usually expressed with the following
equations:
= + +
+ + −
C C C C
C C C
(l) (transl, l) (rot, l) (vib, l)
(conf, l) ( )
pm
o
vm
o
vm
o
vm
o
vm
o
pm
o
vm
o
l (8)
= + +
+ + −
C C C C
C C C
(g) (transl, g) (rot, g) (vib, g)
(conf, g) ( )
pm
o
vm
o
vm
o
vm
o
vm
o
pm
o
vm
o
g (9)
where the contribution Cvm
o (conf) is responsible for the
equilibrium mixture of conformers. Assuming the equality of
the vibrational contributions into the heat capacity of the liquid
and the gaseous phase, as well as the similarity for mixtures of
conformers at equilibrium in these phases, the heat capacity
difference was expressed as follows:
Δ = + + −
− − − −
C C C C C
C C C C
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From common rules of statistical thermodynamics, a sum of
contributions for the free rotation and the free translational
motion of a molecule into the ideal gas heat capacity can be
assigned to be equal to 3 R. From the oscillation theory,46 the
free rotation or linear motion of a molecule in the condensed
state is converted into the low frequency vibrations. The
contribution of vibrations at low frequencies into the heat
capacity is equal to R for each degree of freedom: all together,
6R for the sum of rotational and translational contributions.
Assuming that for the ideal gas the relation (Cpm
o − Cvmo )g = R is
valid, we can simplify eq 10 to
Δ = − − −C R C C2 ( )lg pmo pmo vmo l (11)
It is obvious from eq 11 that the contribution (Cpm
o − Cvmo )l is
the main part of the heat capacity difference ΔlgCpmo . It has
turned out that this contribution can be easily estimated from
the volumetric properties according to following equation:47
α
κ
− =C C V T( )pmo vmo l P
2
T
m
(12)
where αP is the thermal expansion coefficient, K
−1; κT is the
isothermal compressibility, Pa−1. The molar volume Vm as well
as the thermal expansion coefficient αP are usually determined
from the temperature dependence of the density of liquid. The
compressibilities κT can be calculated from the pressure
dependence of density in the isothermal conditions. Compres-
sibilities are more often derived from the speed of sound
W(T,P) measurements as follows:
κ
ρ
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where ρ is the density of an IL (kg·m−3) and M is the molar
mass (kg·mol−1). We collected the volumetric properties and
the speed of sound data for the [Cnmim][NTf2] series from the
ILthermo database48 (see Table S5, SI). The resulting heat
capacity differences ΔlgCpmo derived from the volumetric
properties are given in Table 3, column 4. Comparison of the
ΔlgCpmo values derived from the QCM and TGA experiments
(Table 3 column 3) with those from the volumetric properties
(Table 3 column 4) have shown that these results are hardly
distinguishable for the homologous series of [Cnmim][NTf2]
ILs. Thus two independent procedures have ascertained the
level of the ΔlgCpmo differences for the ILs under study, and both
procedures could be recommended for the practical estimations
required for temperature adjustment of experimental vapor-
ization enthalpies. Importantly, both procedures suggest that
ΔlgCpmo is dependent on the chain length of the cation.
In order to gain more insight in this problem, it is useful to
analyze separately the heat capacities Cpm
o (g) and Cpm
o (l) for the
[Cnmim][NTf2] series. The experimental values for Cpm
o (l, 298
K) have been critically evaluated just recently.44 We report the
recommended values in Table 3, column 2. It turns out that the
evaluated experimental data44 (for n = 2, 4, 6, 8, and 14) fit very
well to the linear chain length dependence. They were
Table 3. Heat Capacity Differences between Liquid and Gas
Phases for [Cnmim][NTf2] and Heat Capacities for Liquid
[Cnmim][NTf2] in J·K−1·mol−1
[Cnmim]
[NTf2]
Cpm
o (1)
(298 K)a ΔlgCpmo (Tav)b
ΔlgCpmo
(298 K)c
Cpm
o (g)
(298 K)d
ΔlgCpmo
(298 K)e
1 2 3 4 5 6
[C1mim]
[NTf2]
473.9 −73 ± 9 348.1 −125.8
[C2mim]
[NTf2]
506.3 −56 ± 13 −85 368.6 −137.7
[C3mim]
[NTf2]
536.4 −76 ± 17 −73 389.2 −147.2
[C4mim]
[NTf2]
565.4 −67 ± 11 −88 409.6 −155.8
[C5mim]
[NTf2]
598.9 −96 ± 12 −89 429.8 −169.1
[C6mim]
[NTf2]
631.4 −86 ± 13 −95 450.2 −181.2
[C7mim]
[NTf2]
661.4 −114 ± 13 −113 470.6 −190.8
[C8mim]
[NTf2]
692.6 −92 ± 9 −124 491.2 −201.4
[C10mim]
[NTf2]
755.2 −136 ± 11 511.6 −243.6
[C12mim]
[NTf2]
817.6 −167 ± 12 532.0 −285.6
[C14mim]
[NTf2]
885.9 −161 ± 11 552.4 −333.5
[C16mim]
[NTf2]
942.6 −170 ± 15 572.8 −369.8
[C18mim]
[NTf2]
1005.1 −157 ± 11 593.2 −411.9
aThe evaluated experimental data44 were approximated with the linear
regression: Cpm
o (l, 298 K) = 31.7 n + 440.5 (with r2 = 0.999) and the
missing Cpm
o (l, 298 K) were estimated by interpolation and
extrapolation. bCalculated using eq 7 from QCM and TGA data
measured in this work (uncertainty is estimated according to to the
f o l l ow ing equa t i on ΔΔ lgC p mo = [ (Δ lgHmo (TGA)) 2 +
(ΔlgHmo (QCM))2]1/2/[(Tav(TGA) − (Tav(QCM))]. cEstimated from
Cpm
o − Cvmo difference (see text).
dCalculated in ref 45 using DFT at the
B3LYP/6-311+G(d,p) level. Values of Cpm
o (g, 298 K) were estimated
in ref 45 with B3LYP/6-311+G(d,p), and these values were
approximated in this work with the linear regression: Cpm
o (g, 298 K)
= 20.4 n + 327.8 (with r2 = 0.9999) and the missing Cpm
o (g, 298 K) for
n = 10−18 were estimated by interpolation and extrapolation.
eDifference (column 5 − column 2).
The Journal of Physical Chemistry B Article
dx.doi.org/10.1021/jp311429r | J. Phys. Chem. B 2013, 117, 6473−64866481
327
approximated with a linear regression (see Table 3, footnote a),
and the missing Cpm
o (l, 298 K) for the [Cnmim][NTf2] were
estimated by interpolation and extrapolation (see Table 3,
column 2). As has been already pointed out, available
experimental methods are unable to measure Cpm
o (g, 298 K)
for ILs. Therefore we have calculated these values for the
[Cnmim][NTf2] family using DFT at the B3LYP/6-311+G-
(d,p) level (see Table 3, column 5). The differences between
the gaseous heat capacities (from DFT) and the liquid heat
capacities (from experiment) are given in Table 3 (column 6).
These differences follow the already expected increasing trend
with the increasing chain length, but the absolute values are
about twice as large as those obtained from our experimental
findings from TGA and QCM methods (Table 3, column 3). In
order to better understand this discrepancy, we also calculated
the ΔlgCpmo values for the ILs [Cnmim][NTf2] using MD
simulation. The results are given in Figure 8 and in Table S4.
It is interesting that the results of the MD simulations are in a
good agreement with those obtained from the DFT calculations
(Table 3, column 6), but disagree with the experimental values
(Table 3, column 3). The ΔlgCpmo values from experiment and
MD are deliberately referred to the similar temperatures, but, to
our surprise, the MD absolute values for ΔlgCpmo are about twice
as large as the experimental values.
A search of the literature has revealed that Ködermann et
al.39 also reported the overall linear decrease of ΔlgHmo (Tav) for
[C2mim][NTf2] from 132 kJ·mol
−1 to 111 kJ·mol−1 over the
temperature range of 273−473 K. From their MD simulations,
a value of ΔlgCpmo = −108 J·K−1·mol−1 can be obtained, which is
in agreement with our MD values (see Figure 8).
We are reticent now to give any reasonable explanation for
the significant difference between experimental and theoretical
ΔlgCpmo values. For the DFT calculations, the disagreement
could be attributed to the simple rigid rotor-harmonic oscillator
approximation used in the first principles calculations of the
Cpm
o (g, 298 K). Unfortunately, the size of the ILs under study in
the current work is too large to make calculations without this
approximation. However, it should be mentioned that there is
no rigid rotor approximation in MD. Thus the currently
observed disagreement of the absolute experimental and
theoretical ΔlgCpmo values merits further extended investigation.
In spite of this fact, the general trends regarding ΔlgCpmo from
the experiment and MD simulations are very similar, and they
allow one to make recommendations on how to adjust
vaporization enthalpies to the reference temperature properly.
Clearly, the use of a constant value for ΔlgCpmo is not
recommended, as all the procedures show that there is a
strong dependence on chain length.
Taking into account that the experimental data on Cpm
o (l, 298
K) for the [Cnmim][NTf2] are quite reliable, it seems to be
reasonable to develop an empirical correlation between the
experimental Cpm
o (l, 298 K) and the experimental ΔlgCpmo . It
turns out that a simple linear correlation:
Δ = − ± + ±
=
C C
r
(l, 298 K)( 0.26 0.05) (68.7 37.0)
with 0.950
g
1 pm
o
pm
o
2 (14)
can be derived using our own QCM and TGA data (except for
n = 1, 12, and 18) and the literature Cpm
o (l, 298 K) data, which
are given in Table 3 (column 2), which will be very useful for
quick appraisal of ΔlgCpmo for the [Cnmim][NTf2] series with
any chain length. The correlation according to eq 14 is adjusted
now for the [Cnmim][NTf2] series, but we would recommend
applying this simple correlation for other ILs instead of using
the conventional constant ΔlgCpmo = −100 J·K−1·mol−1. We are
conscious that the coefficients in eq 14 could vary depending
on the particular class of IL under study (e.g., pyridinium,
pyrrolidinium, or ammonium based ILs), but we expect that the
fluctuations of these coefficients should be not too large. At the
current state of our knowledge, eq 14 seems to be of a crucial
importance because it helps to avoid ambiguity of the ΔlgCpmo
values commonly used nowadays in the literature, taking into
account at least the chain-length dependence. Equation 14 is
easy to apply because the Cpm
o (l, 298 K) of ILs are easily
measured using the commercially available DSC (differential
scanning calorimeters), which are commonly found in modern
IL laboratories. Moreover, the Cpm
o (l, 298 K) values required for
eq 14 could be also predicted with a reasonable accuracy49 as a
function Cpm
o (l, 298 K) = f(Vm) of the molar volume Vm. This
simple empirical correlation was shown to be reliable within 3%
(or ±16 J·K−1·mol−1).49 The molar volume Vm values are
usually obtained from the densities of ILs, which are routinely
determined as a part of a physical-chemical attestation of new
ILs. Thus, use of eq 14 for temperature adjustment of vapor
pressure measurements opens a new way for comparison and
validation of experimental results measured by different
Figure 8. Residual heat capacities of the liquid and gas phase obtained from MD simulations (left) and computed ΔlgCpmo (right) as a function of
cation alkyl chain length.
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techniques and could significantly contribute to the develop-
ment and refinement of experimental methods dealing with ILs.
In order to demonstrate the advantage of using eq 14 and
ΔlgCpmo values derived in this work, we have adjusted
experimental results for the [Cnmim][NTf2] series measured
by all available methods from Tav to the reference temperature
298 K. The resulting plot is given in Figure 9. In contrast to the
“Milky Way” discussed at the beginning of this paper and
presented in Figure 1, it is now quite obvious that there is a
simple linear dependence of the vaporization enthalpy on the
chain length. Certainly, some scatter of the ΔlgHmo (298 K) data
still remains, but in our opinion this scatter is rather the
evidence of the challenging task to measure the vapor pressure
and the vaporization enthalpy of extremely heavy, low volatility
ILs. The outlying values of ΔlgHmo (298 K) obtained from TGA5
and a high-temperature spectroscopic technique8 could be an
indicator that these methods still require further development.
We also deliberately omitted from Figure 9 the calorimetric
data measured by drop microcalorimetry13 for [Cnmim][NTf2],
due to a systematic error discussed elsewhere.7 It is very
disheartening that the data for C10 and C12 measured
10 with the
very good QCM-Knudsen method are significantly out of the
linear correlation apparent on Figure 9. However, a careful
analysis of the primary experimental data of this work has
revealed that both ILs were measured in a very narrow (about
15 K, see Table S1) temperature range. From our experiences, a
larger range of about 30−50 K is necessary to provide a reliable
slope and ΔlgHmo (Tav). Thus, the proper adjustment of
vaporization enthalpies to 298 K using simple empirical rules
developed in the current study has converted the mess of
experimental points available in the literature (see Figure 1)
into the logical structure−property dependence presented in
Figure 9. In this context, it is also important to point out that
enthalpies of vaporization for the [Cnmim][NTf2] family with
odd and even chain length of the alkyl-imidazolium cation fit
the same straight line, and it is obvious that ΔlgHmo (298 K) of
ILs follows the same pattern as the molecular liquids, where the
odd and even effect was observed for such thermodynamic
properties as melting point, fusion, or sublimation enthalpy but
not for vaporization enthalpy.50
Is there any Difference Between ILs and Molecular
Liquids? CH2−Increment. Group-additivity procedures for
prediction of thermodynamic properties of molecular liquids
are well established.50,51 In our recent studies we have tried to
establish whether the thermodynamic properties such as
enthalpy of vaporization and enthalpies of formation of ILs
obey the group additivity rules.51 This knowledge could
simplify reliable predictions for ILs, provided that a general
transfer of the group contributions established for the
molecular compounds to the ILs is valid. A most simple
manifestation of additive rules is the correlation of any
property, e.g., the enthalpy of vaporization, with the number
of C-atoms. This correlation in the series of homologues is
additionally a valuable test to check the internal consistency of
the experimental results. Using the QCM and TGA results
obtained in our work, the dependence of vaporization enthalpy
on the number of C-atoms, n, in the alkyl chain of the
imidazolium cation follows the equation
Δ · = +
=
−H n
r
(298K)/kJ mol 115.7 3.89
from experiment (with 0.995)
l
g
m
o 1
2
(15)
Δ · = +
=
−H n
r
(298K)/kJ mol 124.8 3.65
from MD (with 0.997) (MD)
l
g
m
o 1
2
(16)
from which the enthalpy of vaporization ΔlgHm(298 K) of other
representatives in this series with different n can be calculated.
For comparison, we present the ΔlgHmo (298 K) chain length
dependence for some molecular homologous series together
with the results for the ILs [Cnmim][NTf2] in Figure 10. It is
apparent from this figure that the intercepts for the different
families are totally different, and we have even scaled them in
order to fit them on the same plot. However, all the slopes
presented in Figure 10 seem to be similar, and they generally
represent the contribution of the CH2-group to the vapor-
ization enthalpy ΔlgHmo (298 K). We calculated and collected the
appropriate numbers in Table 4 for comparison.
Figure 9. The experimental ΔlgHmo (298 K) adjusted with ΔlgCpmo from
Table 3, column 3.
Figure 10. The enthalpies of vaporization for 1-alkyl-3-methylimida-
zolium bis(trifluoromethanesulfonyl)imides, alkyl benzenes, alkyl
nitriles, and alcohols at 298 K. (◊) [Cnmim][NTf2] (joined treatment
of the QCM and TGA results from this work); (Δ) n-alcohols (for
comparison with ILs, the data were shifted by 60 kJ·mol−1); (○) n-
alkyl nitriles (for comparison with ILs, the data were shifted by 60
kJ·mol−1; (□) n-alkyl benzenes (for comparison with ILs, the data
were shifted by 45 kJ·mol−1).
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According to the data given in Table 4, most of the
homologous series exhibit CH2 group contribution to the
vaporization enthalpy very close around 5.0 kJ·mol−1. However,
a somewhat lower contribution of 4.5 kJ·mol−1 is also observed
for n-alkylbenzenes and for n-alkyl-nitriles. This seems to be a
consequence of high dipole−dipole interactions in these
molecular liquids. Probably, the intensive Coulomb forces
specific for ILs also have a consequence in decreasing the CH2
group contribution to 3.9 kJ·mol−1 for the ILs under study (3.7
kJ mol−1 for the MD simulations). It is important to note that,
in spite of the obviously small difference of about 1 kJ·mol−1
between CH2 contributions in n-alkanes and in ILs, this CH2
contribution was determined very precisely (±0.2 kJ·mol−1),
and this value will significantly contribute to the reliable
predictions especially for the long chained imidazolium,
ammonium, pyridinium, pyrrolidinium, or phosphonium-
based ILs. The specific value for the CH2 contribution in ILs
is the clear evidence that the additivity rules are generally valid
for ILs, but the additive contributions become unique in
comparison to the well-established group-contributions devel-
oped for the molecular liquids.
Having established the CH2 contribution to ΔlgHmo (298 K) in
ILs from experiment, it is also interesting to compare how
different MD procedures are able to obtain this value.
Köddermann et al.,39 using a different force field, developed
in their group having integer partial charges on the ions
calculated at 298 K an increase of about 4.7 kJ·mol−1 per CH2
group in the [Cnmim][NTf2], which exactly coincides with the
increase in the enthalpy of vaporization for n-alkanols but is in
disagreement with our MD results. The MD simulations of the
present study find that the increment is 3.7 kJ·mol−1, which is
in quite good agreement with our current experiments.
Finally, it is interesting to note that the enthalpy of
vaporization of the first representative of the series
[C1mim][NTf2] deviates slightly from the linear correlation.
However, starting with [C2mim][NTf2], the ΔlgHmo correlation
holds for all other values of n (see Figure 10). This outlier
could be understood by the competition of the corresponding
Coulomb and van der Waals interactions in the comparably
small [C1mim][NTf2]. According to the MD simulations, the
Coulomb energy for [C1mim][NTf2] is slightly higher than that
for other ILs in the series (by about 4.5 kJ·mol−1), and it is this
contribution that results in the larger enthalpy of vaporization
than would be expected. This effect can be also attributed to
the symmetry of the cation and a specific structuring of the bulk
liquid due to this symmetry as well as due to the delicate
balance of Coulomb and van der Waals interactions, which
impacts the enthalpy of vaporization for [C1mim][NTf2]. This
finding is also in agreement with the MD-simulation studies of
the [Cnmim][NTf2] series by Köddermann et al.
39 and also in
this work. It is important to note for further development of the
additivity rules51 for ILs that the aforementioned competition
of the Coulomb and van der Waals interactions in [C1mim]-
[NTf2] seems to be completed for [C2mim][NTf2], and this
compound could be already considered as the “regular”
representative of the family with the constant CH2-contribu-
tion.
■ CONCLUSIONS
Our new experimental results based on the concurring results
from QCM and TGA methods have revealed, in contrast with
the available literature data, the definite linear dependence of
the vaporization enthalpies on the chain length. Ambiguity of
the ΔlgCpmo values required for temperature adjustments of
vaporization enthalpies was resolved, and a simple method
based on the experimental liquid heat capacities has been
suggested. We have shown that enthalpies of vaporization
generally obey group additivity; however, the values of the
additivity parameters for ILs are different from those for
molecular compounds. The results of MD simulations generally
agree with the experiments and, although evidence is found in
the simulations to support the formation of nonpolar domains
of aggregation for cations having longer alkyl chain lengths, this
aggregation does not appear to change the slope of the enthalpy
of vaporization versus chain length.
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B.; Coutinho, J. A. P.; Marrucho, I. M.; Esperanca, J. M. S. S.; Rebelo,
L. P. N.; Shimizu, K.; Lopes, J. N. C.; Santos, L. M. N. B. F. High-
Accuracy Vapor Pressure Data of the Extended [CnC1im][Ntf2] Ionic
Liquid Series: Trend Changes and Structural Shifts. J. Phys. Chem. B
2011, 115, 10919−10926.
(11) Earle, M. J.; Esperanca, J.; Gilea, M. A.; Lopes, J. N. C.; Rebelo,
L. P. N.; Magee, J. W.; Seddon, K. R.; Widegren, J. A. The Distillation
and Volatility of Ionic Liquids. Nature 2006, 439, 831−834.
(12) Widegren, J. A.; Wang, Y. M.; Henderson, W. A.; Magee, J. W.
Relative Volatilities of Ionic Liquids by Vacuum Distillation of
Mixtures. J. Phys. Chem. B 2007, 111, 8959−8964.
(13) Santos, L. M. N. B. F.; Canongia Lopes, J. N.; Coutinho, J. A. P.;
Esperanca, J. M. S. S.; Gomes, L. R.; Marrucho, I. M.; Rebelo, L. P. N.
Ionic Liquids: First Direct Determination of their Cohesive Energy. J.
Am. Chem. Soc. 2007, 129, 284−285.
(14) Mansson, M.; Sellers, P.; Stridh, G.; Sunner, S. Enthalpies of
Vaporization of Some 1-Substituted n-Alkanes. J. Chem. Thermodyn.
1977, 9, 91−97.
(15) Lopes, J. N. A. C.; Padua, A. A. H. Nanostructural Organization
in Ionic Liquids. J. Phys. Chem. B 2006, 110, 3330−3335.
(16) Wang, Y.; Voth, G. A. Tail Aggregation and Domain Diffusion
in Ionic Liquids. J. Phys. Chem. B 2006, 110, 18601−18608.
(17) Triolo, A.; Russina, O.; Bleif, H. J.; Di Cola, E. Nanoscale
Segregation in Room Temperature Ionic Liquids. J. Phys. Chem. B
2007, 111, 4641−4644.
(18) Zaitsau, Dz. H.; Verevkin, S. P.; Emelỳanenko, V. N.; Heintz, A.
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Table S1. Vaporization enthalpies, om
g
l HD , of [Cnmim][NTf2] available in the literature. 
T-range /  
K 
Tav / 
K 
o
m
g
l HD  (Tav) 
kJ.mol-1 
o
m
g
l HD   
(298.15 K)a 
kJ.mol-1 
o
m
g
l HD  
(298.15 K)b 
kJ.mol-1 
Ref 
[C1mim][NTf2] 
345 - 400 381.6 119.9 ± 1.0 128.2 QCM 
 590.0 104.3 ± 1.6 133.5 
125.7 
TGA 
[C2mim][NTf2] 
442 - 484 462.6 118.8 ± 2.7 135.2 128.1 12 
300 - 550 430 120.0 ± 2.0 133.2 127.4 5 
400 - 560 480 130 ± 10.0 148.2 140.2 13 
 577.8 110.4 ± 2.4 138.4 126.1 10 
499 - 538 516.4 114.74 ± 6.8 136.5 127.0 4 
473 - 523 495.5 120.6 ± 2.1 140.3 131.7 7 
359 - 436 398 120 ± 3.0 130 125.6 6 
545 - 600 573 109.3 ± 1.7 136.8 124.8 9 
445 – 483 464.36 114.6 ± 0.4 131.2 124.0 14 
362 - 395 378 118.6 ± 1.0 126.9 3 
480 - 570 520.2 110.5 ± 1.5 132.7 123.0 1 
[C3mim][NTf2] 
360 - 402 380.3 121.4 ± 1.0 129.6 QCM 
 546.2 108.8 ± 2.6 133.6 
127.6 
TGA 
453 - 493 473.0 113.3 ± 0.5 130.8 126.6 14 
[C4mim][NTf2] 
458 - 517 487 120.0 ± 3.6 138.9 132.6 11 
438 - 517 476.2 118.3 ± 3.4 136.1 130.2 12 
300 - 550 440 119.0 ± 2.0 133.2 128.4 5 
400 - 560 480 126 ± 6.0 144.2 138.1 13 
 577.8 128.4 ± 3.0 156.4 147.0 10 
478 - 528 503 118.5 ± 0.4 139 132.1 7 
523 - 723 623 122 154.5 143.6 8 
525 – 580 553 111.8 ± 1.6 137.3 128.8 9 
463 – 487 475 177.8 ± 0.4 135.4 189.6 14 
334
 3 
362 - 395 378 124.4 ± 1.0 132.4 2 
513 - 572 541.8 113.5 ± 1.5 137.8 129.7 15 
[C5mim][NTf2] 
362 - 404 381.7 127.8 ± 1.0 136.2 QCM 
 560.8 110.5 ± 1.9 136.8 135.9 TGA 
457 - 493 475.0 123.0 ± 0.5 140.7 140.1 14 
[C6mim][NTf2] 
446 - 494 461.1 123.5 ± 1.6 139.8 137.5 12 
300 - 550 445 123.05 ± 2.0 137.7 135.6 5 
400 - 560 480 133.05 ± 12.0 151.2 148.6 13 
 577.8 144.5 ± 2.2 172.5 168.4 10 
478 – 528 503 124.15 ± 0.7 144.6 141.7 7 
465 - 489 477.35 126.1 ± 1.0 144 141.4 14 
362 - 405 383 131.6 ± 1.0 140.1 2 
513 - 571 541.8 118.0 ± 1.8 142.3 138.9 15 
[C7mim][NTf2] 
364 - 406 385.3 133.5 ± 1.0 142.2 QCM 
 553.7 114.3 ± 1.9 139.9 143.4 TGA 
465 - 493 478.9 128.7 ± 0.4 146.8 149.3 20 
[C8mim][NTf2] 
455 - 498 474.7 132.15 ± 1.6 149.8 148.3 12 
300 - 550 450 133.05 ± 2.0 148.2 146.9 5 
 577.8 162.95 ± 2.7 190.9 188.5 10 
478 – 528 503 132.35 ± 0.5 152.8 151.1 7 
473 - 495 484.1 128.6 ± 0.9 147.2 145.6 14 
372 - 402 387 136.8 ± 1.0 145.7 2 
513 - 571 541.8 122.6 ± 1 147.0 144.8 15 
[C10mim][NTf2] 
479 – 495 487.38 136.0 ± 0.5 155 161.7 14 
380 - 410 394.6 142.5 ± 1.0 152.1 2 
493 - 552 522 125.2 ± 1.0 147.5 155.6 15 
[C12mim][NTf2] 
481 - 493 486.85 140.3 ± 0.8 159.2 172.0 14 
392 - 425 408.4 147.0 ± 1.0 158 165.5 2 
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503 - 562 533.5 126 ± 1.1 149.5 15 
[C14mim][NTf2] 
400 - 432 416.2 152.5 ± 1.0 164.3 2 
513 - 571 541.8 132.7 ± 1.0 157.1 
171.1 
15 
[C16mim][NTf2] 
405 - 445 424.8 156.3 ± 1.0 169 2 
513 - 571 541.8 136.4 ± 1.4 160.8 
177.8 
15 
[C18mim][NTf2] 
410 - 452 430.3 162.4 ± 1.0 175.6 2 
546 - 621 582.5 138.5 ± 1.4 166.8 
183.2 
15 
a Enthalpies of vaporization for ILs were adjusted to 298.15 K with p
g
lCD  = -100 J·K
-1·mol-1. 
b Enthalpies of vaporization for ILs were adjusted to 298.15 K with p
g
lCD  from Table 3, column 3. 
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Table S2. Experimental vaporization enthalpies, om
g
l HD , of [Cnmim][NTf2] measured in this 
work 
Tav, K 
o
m
g
l HD  (Tav), 
kJ·mol-1 
o
m
g
l HD  (380 K), 
kJ·mol-1 
o
m
g
l HD  (572 K), 
kJ·mol-1 
Method 
[C1mim][NTf2] 
381.6 119.9 ± 1.0 120.1  QCM 
590.0 104.3 ± 1.6  106.1 TGA 
[C2mim][NTf2] 
378 118.6 ± 2.5 118.4  QCM 
520.2 110.5 ± 1.5  105.3 TGA 
[C3mim][NTf2] 
380.3 121.4 ± 1.0 121.43  QCM 
546.2 108.8 ± 2.6  106.2 TGA 
[C4mim][NTf2] 
378 124.4 ± 2.5 124.2  QCM 
541.8 113.5 ± 1.5  110.5 TGA 
[C5mim][NTf2] 
381.7 127.8 ± 1.0 128.0  QCM 
560.8 110.5 ± 1.9  109.4 TGA 
[C6mim][NTf2] 
383 131.6 ± 2.5 131.9  QCM 
541.8 118.0 ± 1.8  115.0 TGA 
[C7mim][NTf2] 
385.3 133.5 ± 1.0 134.0  QCM 
553.7 114.3 ± 1.9  112.5 TGA 
[C8mim][NTf2] 
387 136.8 ± 2.5 137.5  QCM 
541.8 122.6 ± 1  119.6 TGA 
[C10mim][NTf2] 
394.6 142.5 ± 2.5 144.0  QCM 
522 125.2 ± 1.0  120.2 TGA 
[C12mim][NTf2] 
408.4 147.0 ± 2.5 149.8  QCM 
533.5 126 ± 1.1  122.2 TGA 
[C14mim][NTf2] 
416.2 152.5 ± 2.5 156.1  QCM 
541.8 132.7 ± 1.0  129.7 TGA 
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[C16mim][NTf2] 
424.8 156.3 ± 2.5 160.8  QCM 
541.8 136.4 ± 1.4  133.4 TGA 
[C18mim][NTf2] 
430.3 162.4 ± 2.5 167.4  QCM 
582.5 138.5 ± 1.4  139.6 TGA 
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Table S3.  Heat capacity differences between liquid and gas phases for [Cnmim][NTf2] and 
heat capacities for liquid [Cnmim][NTf2] in J∙K-1∙mol-1. 
 
[Cnmim][NTf2] 
Cpom 
(l, 298 K) 
Dl
gCpom 
(Tav)a 
Dl
gCpom 
(298 K)b 
1 2 3 4 
[C1mim][NTf2] 473.9d -73 -36.1 
[C2mim][NTf2] 506.3 -56 -47.2 
[C3mim][NTf2] 536.4 d -76 -59.0 
[C4mim][NTf2] 565.4 -67 -64.7 
[C5mim][NTf2] 598.9 d -96 -68.7 
[C6mim][NTf2] 631.4 -86 -72.4 
[C7mim][NTf2] 661.4 d -114 -81.3 
[C8mim][NTf2] 692.6 -121 -89.6 
[C10mim][NTf2] 755.2 d -136 -107.6 
[C12mim][NTf2] 817.6 -167 -124.5 
[C14mim][NTf2] 885.9 d -161 -144.7 
[C16mim][NTf2] 942.6 d -170  
[C18mim][NTf2] 1005.1 d -157  
 
a Calculated using eq 12 from QCM-Langmuir and TGA data measured in this work. 
Correlation equation using only own QCM-Langmuir and TGA data (except for n= 1, 12, and 
18: 
o
m p
g
lCD  = Cp
o
m(l, 298 K) (-0.26 ± 0.05) + (69 ± 37) with r2 = 0.950 
b The experimental difference between the molar heat capacities of the gaseous Cpom(g) and 
the liquid Cpom(l) n-alkanols with the analogous chain length. 
All data from NIST Standard Reference Database [H.Y. Afeefy, J.F. Liebman, and S.E. Stein, "Neutral 
Thermochemical Data" In NIST Chemistry WebBook, NIST Standard Reference Database Number 69, Eds. P.J. 
Linstrom and W.G. Mallard, National Institute of Standards and Technology, Gaithersburg MD, 20899, 
http://webbook.nist.gov, (retrieved November 10, 2012)]. 
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Table S4. Summary of MD simulation results. 
vdW Coulomb Intr DlgHom r Cpres(l) Cpres(g) DlgCpom n 
kJ·mol-1 kg·m3 J·K-1·mol-1 
 380 K 
1 77.79 47.27 6.62 130.18 1496 174.88 58.89 -115.98 
2 80.56 43.88 6.71 129.25 1438 185.89 68.8 -117.09 
3 84.09 43.8 6.48 132.62 1395 192.57 66.81 -125.76 
4 87.52 42.77 6.75 136 1357 212.07 67.52 -144.55 
5 91.67 41.84 7.25 138.93 1323 221.62 72.22 -149.4 
6 95.5 41.4 7.37 142.43 1295 232.69 76.46 -156.23 
7 98.82 41.23 7.6 146.1 1268 246.11 81.16 -164.95 
8 102.48 40.6 8.16 149.8 1244 251.46 85.21 -166.25 
9 106.62 40.1 7.96 153.02 1223 269.14 88.48 -180.66 
10 110.53 40.31 8.81 157.84 1203 285.02 95.93 -189.09 
11 114.47 40.24 9.04 162.15 1186 295.64 100.2 -195.44 
12 117.93 39.49 9.71 165.76 1169 304.41 108.41 -196 
 572 K 
1 60.72 44.74 7.77 111.14 1294 148.8 57.12 -91.67 
2 62.66 41.56 7.97 109.52 1239 161.59 60.22 -101.37 
3 64.75 40.93 7.72 111.22 1201 162.53 62.61 -99.92 
4 67.18 39.62 6.95 113.14 1167 176.12 61.41 -114.71 
5 70.06 38.4 8.5 114.72 1137 183.98 68.9 -115.08 
6 72.98 37.65 8.48 116.6 1111 190.15 69.4 -120.75 
7 75.97 37.07 8.65 119.03 1089 195.62 78.14 -117.48 
8 78.74 36.56 8.71 121.39 1066 206.58 76.82 -129.76 
9 81.31 35.88 9.53 124.56 1048 208.62 83.74 -124.88 
10 84.3 35.28 10.12 127 1031 228.78 83.88 -144.9 
11 87.53 35.38 9.76 130.08 1015 225.88 83.58 -142.3 
12 90.1 34.48 10.48 132.52 1001 229.49 90.64 -138.85 
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Table S5. The volumetric properties of [Cnmim][NTf2] used in CP-CV(l, 298 K) calculations. 
Compound M, kg·mol-1 
104Vm, 
m3·mol-1 
104aT, 
K-1 
W, 
m·s-1 
1010kT, 
Pa-1 
CP-CV, 
J·K-1·mol-1 Reference 
[C2mim][NTf2] 391.32 2.576 6.714    2002Kruwas 
  2.566     2002HeiKul 
  2.571 6.571    2005TokHay 
  2.578 6.683    2006JacHus 
  2.574 5.984    2004frecro 
  2.574 7.565    2007GarFre 
  2.577 6.664    2008WanLeh 
  2.576 6.571    2010SchZug 
    1240   2006fredie 
  2.575 6.641 1240 4.950 68.41 average 
[C3mim][NTf2] 405.34 2.747 5.930 1235 5.080 56.70 2006EspVis 
[C4mim][NTf2] 419.36 2.916 6.377    2004frecro 
  2.918 6.509 1228.8   2005azeesp 
  2.917 6.677    2002kruwas 
  2.913 6.529    2005TokHay 
  2.933     2001hudvis 
  2.916 6.693  4.980 76.18 2006JacHus 
  2.918 6.243    2006toktsu 
  2.924 6.677    2006TroCer 
  2.921 6.674    2006TroCer 
  2.917 6.605    2007JacHus 
  2.916 6.641    2007JacHus2 
  2.919 6.657    2007HarKan 
  2.919 6.724    2008WanLeh 
  2.917 6.607    2009PalKan 
  2.919 6.377    2010AndArc 
    1227   2006fredie 
  2.919 6.586 1228.8 5.277 71.82 average 
[C5mim][NTf2] 434.40 3.093 6.477 1230.7 5.331 72.57 2006EspVis 
[C6mim][NTf2]  3.240 6.443    2010BocHef 
  3.266     2004FitKne 
  3.276 7.468    2005TokHay 
  3.266 6.569    2005KatGme 
  3.264 6.701  5.410 80.77 2005azeesp 
  3.265 6.714    2006LacMor 
  3.263 7.586    2006toktsu 
  3.262 6.600    2006KumKam 
  3.262 6.530    2007WidMag 
  3.261 6.694 1226.85   2007WidMag 
  3.263 6.710  5.340 82.05 2007KanMar 
  3.265     2008DomMar 
  3.261 6.611    2008Sed 
  3.249 6.810  5.155 87.15 2008EspGue 
  3.261 8.143    2008MuhMut 
  3.264 7.822    2010AhoSen 
    1232   2006fredie 
  3.262 6.660 1226.85 5.527 78.05 average 
[C7mim][NTf2] 461.45 3.426 7.424  5.677 96.15 2007GarFre 
[C8mim][NTf2] 475.48 3.686     2004FitKne 
  3.597 7.565    2005TokHay 
  3.589 8.188    2005KatGme 
  3.599 8.383    2006ZaiKab 
  3.602 7.519    2006toktsu 
  3.600     2007AloArc 
  3.597 8.701  5.407 141.3 2007GarFre 
  3.603     2008AloArc 
    1232   2006Fredie 
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  3.598 8.071 1232 6.134 107.2 average 
[C10mim][NTf2] 499.5 3.908 6.685  6.142 75.94 2008TomCar 
In bold listed the chosen values. 
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Table S6. The results of the temperature dependence of frequency shift velocity df/dt of the 
QCM for [Cnmim][NTf2] and vaporization enthalpies DlgHom(T) 
Run T / K df·dt-1 / Hz·s-1 T-1 / K-1 R·ln(df·dt-1·T1/2) ( )1
o
m
g
l
molkJ -×
D TH  
[C1mim][Ntf2] 
( ) 1mgl molkJ0.15.127K298 -° ×±=D H  
÷÷
ø
ö
çç
è
æ
-÷÷
ø
ö
çç
è
æ
---=÷
ø
ö
ç
è
æ
00
ln100111573509.84ln
T
T
RTTRR
T
dt
df  
399.62 0.5341 0.002502 48.98 117.4 
394.62 0.3477 0.002534 44.10 117.9 
389.62 0.2218 0.002567 39.04 118.4 
384.63 0.1398 0.002600 33.85 118.9 
379.63 0.08610 0.002634 28.46 119.4 
374.64 0.05221 0.002669 22.92 119.9 
369.67 0.03117 0.002705 17.24 120.4 
364.67 0.01840 0.002742 11.44 120.9 
1 
359.69 0.01072 0.002780 5.517 121.4 
402.15 0.6803 0.002487 51.65 117.1 
397.12 0.4423 0.002518 46.76 117.6 
392.14 0.2864 0.002550 41.83 118.1 
387.14 0.1815 0.002583 36.70 118.6 
382.15 0.1124 0.002617 31.37 119.1 
377.17 0.06813 0.002651 25.84 119.6 
372.19 0.04013 0.002687 20.05 120.1 
2 
367.19 0.02285 0.002723 13.96 120.6 
392.31 0.2820 0.002549 41.75 118.1 
387.33 0.1770 0.002582 36.54 118.6 
382.32 0.1098 0.002616 31.22 119.1 
377.33 0.06700 0.002650 25.74 119.6 
372.34 0.04051 0.002686 20.17 120.1 
367.34 0.02396 0.002722 14.40 120.6 
362.34 0.01410 0.00276 8.560 121.1 
356.15 0.007099 0.002808 1.063 121.7 
351.26 0.004085 0.002847 -4.972 122.2 
3 
345.37 0.002036 0.002895 -12.52 122.8 
[C3mim][Ntf2] 
( ) 1mgl molkJ0.16.129K298 -° ×±=D H  
÷÷
ø
ö
çç
è
æ
-÷÷
ø
ö
çç
è
æ
---=÷
ø
ö
ç
è
æ
00
ln1001115942523.85ln
T
T
RTTRR
T
dt
df  
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401.66 0.7738 0.002490 52.59 119.3 
396.77 0.4986 0.002520 47.66 119.7 
391.91 0.3211 0.002552 42.72 120.2 
386.93 0.2010 0.002584 37.50 120.7 
381.95 0.1237 0.002618 32.11 121.2 
376.96 0.07469 0.002653 26.54 121.7 
371.65 0.04272 0.002691 20.42 122.3 
1 
366.36 0.02447 0.002730 14.30 122.8 
394.39 0.3939 0.002536 45.08 120.0 
389.43 0.2529 0.002568 40.07 120.5 
384.48 0.1577 0.002601 34.81 121.0 
379.47 0.09743 0.002635 29.45 121.5 
374.49 0.05970 0.002670 24.00 122.0 
369.51 0.03392 0.002706 17.90 122.5 
364.53 0.02072 0.002743 12.39 123.0 
2 
359.55 0.01125 0.002781 5.877 123.5 
[C5mim][Ntf2] 
( ) 1mgl molkJ0.11.136K298 -° ×±=D H  
÷÷
ø
ö
çç
è
æ
-÷÷
ø
ö
çç
è
æ
---=÷
ø
ö
ç
è
æ
00
ln1001116592029.92ln
T
T
RTTRR
T
dt
df  
396.88 0.4051 0.002520 45.97 126.2 
391.90 0.2546 0.002552 40.79 126.7 
386.92 0.1569 0.002585 35.43 127.2 
381.94 0.09462 0.002618 29.88 127.7 
376.96 0.05488 0.002653 23.98 128.2 
371.99 0.03140 0.002688 17.96 128.7 
367.01 0.01840 0.002725 12.11 129.2 
1 
362.23 0.01081 0.002761 6.322 129.7 
403.79 0.7918 0.002477 53.34 125.5 
399.01 0.5109 0.002506 48.45 126.0 
394.42 0.3282 0.002535 43.57 126.5 
389.43 0.2033 0.002568 38.26 127.0 
384.45 0.1224 0.002601 32.70 127.5 
379.46 0.07142 0.002635 26.86 128.0 
374.50 0.04173 0.002670 21.02 128.5 
369.50 0.02479 0.002706 15.29 129.0 
2 
364.52 0.01380 0.002743 9.007 129.5 
[C7mim][Ntf2] 
( ) 1mgl molkJ0.11.142K298 -° ×±=D H  
÷÷
ø
ö
çç
è
æ
-÷÷
ø
ö
çç
è
æ
---=÷
ø
ö
ç
è
æ
00
ln100111719448.101ln
T
T
RTTRR
T
dt
df  
1 406.35 0.6096 0.002461 51.82 131.3 
345
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401.61 0.3810 0.002490 46.69 131.8 
396.75 0.2378 0.002520 41.50 132.3 
391.97 0.1441 0.002551 36.08 132.7 
386.99 0.08725 0.002584 30.57 133.2 
381.99 0.05176 0.002618 24.88 133.7 
377.22 0.03036 0.002651 19.13 134.2 
372.05 0.01662 0.002688 12.68 134.7 
367.15 0.009439 0.002724 6.600 135.2 
404.00 0.4879 0.002475 49.36 131.5 
399.18 0.3039 0.002505 44.18 132.0 
394.30 0.1861 0.002536 38.82 132.5 
389.53 0.1132 0.002567 33.42 133.0 
384.57 0.06755 0.002600 27.79 133.5 
379.76 0.03971 0.002633 22.06 134.0 
374.58 0.02228 0.002670 15.83 134.5 
369.99 0.01317 0.002703 10.17 134.9 
2 
364.39 0.006777 0.002744 3.059 135.5 
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Figure S1. The IR spectra for [C1mim][NTf2] during enthalpy of vaporization investigation 
with QCM method
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Figure S2. The IR spectra for [C3mim][NTf2] during enthalpy of vaporization investigation 
with QCM method
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Figure S3. The IR spectra for [C5mim][NTf2] during enthalpy of vaporization investigation 
with QCM method
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Figure S4. The IR spectra for [C7mim][NTf2] during enthalpy of vaporization investigation 
with QCM method 
350
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Synthesis 
 Techniques and instruments: All reactions were carried out in an inert atmosphere using 
standard vacuum and Schlenk techniques or a glove box. All solvents were dried over CaH2 
or P4O10 and distilled afterwards. NMR data were recorded from solutions in CD2Cl2 at room 
temperature on a Bruker Biospin Avance II+ 400MHz WB spectrometer and the software 
Topspin 2.1 was used. Chemical shifts are reported with respect to the following reference 
substances: SiMe4 for 1H NMR, CCl3F for 19F NMR. The FT-IR spectra were measured on 
a Nicolet MagnaIR with the ATR (Attenuated Total Reflection) technique and with a Bruker 
Alpha P with a Platinum ATR QuickSnap Modul. A Diamond crystal was used for the 
measurements; the FT-Raman spectra were recorded on a Bruker VERTEX 70 spectrometer 
equipped with a Bruker RAM II module with highly sensitive nitrogen cooled Ge detector. 
The commercially not available set of uneven CnMIM[NTf2] ILs was prepared by anion 
metathesis according to reaction 
Li[NTf2] + [Cat]X → CnMIM[NTf2] + LiX↓                X = Cl, Br  
All ILs were fully characterized by IR, Raman and NMR spectroscopy (1H and 19F nuclei). 
Purity was additionally always controlled by 7Li-NMR spectra, to ensure the absence of 
lithium halides. The [NTf2]– based ILs were dried at 60 °C / 10–3 mbar until water contents of 
<20 ppm were achieved (Karl-Fischer-titration). 
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3.4.10 Patent: Liquid for Compressing a Gaseous Medium and Use of the Same 
R. Kalb, M. Kotschan; WO2006120145; applied and granted in US, KR, JP, EP, CN, AU 
 
R. Kalb invented the basic concept of the patented liquid and method; furthermore he 
performed all of the conceptual and most of the practical experimental work and 
evaluated the vast majority of the results. He wrote the manuscript as well. His overall 
contribution is about 90%. 
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3.4.11 Decontamination of Heavy Metal Polluted Process Water, Waste Water and 
Filter Cake with High Performance 
R. Kalb, R. Krachler, B. K. Keppler; EMChIE 2006 Conference Book, ISBN 3-900-554-
57-9, 2006, 259-267 
R. Kalb worked out the basic concept of the synthesis and application of the published 
new class of Task Specific Ionic Liquids; furthermore he performed all of the conceptual 
and practical synthetic experimental work and most of the analytical experimental work.  
He evaluated the results as well and wrote the manuscript. His overall contribution is 
about 95%. 
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DECONTAMINATION OF HEAVY METAL POLLUTED PROCESS WATER,
WASTE WATER AND FILTER CAKE WITH HIGH PERFORMANCE
Roland St. Kalba,b,c, Regina Krachlera and Bernhard K. Kepplera
aInstitute of Inorganic Chemistry, University of Vienna, A-1090 Vienna, Austria
bproionic Production of Ionic Substances GmbH, A-8700 Leoben, Austria
cInstitute for Sustainable Waste Management and Technology, A-8700 Leoben, Austria
Email: roland.kalb@proionic.at; roland.kalb@univie.ac.at
ABSTRACT
The author will present a new class of special organic salts - so called Ionic Liquids [1] -
which show a strong affinity to heavy metals such as lead, cadmium, chromium or mercury,
and their application as high performance extractants for the decontamination of e.g.
process water, waste water and filter cake. This new extraction media show Nernst
distribution coefficients in the range of several thousand up to even more than 100000 over
a wide pH range and therefore remove in one single step more than 99,99% of the heavy
metals. The maximum load of this media reaches molar ratio, which results in an uptake of
up to 40 mass% of heavy metal.
Ionic liquids are a new class of molten salt solvents, with melting points lower 100°C down to
even much lower than room temperature. They are not any kind of solution of a salt in a
molecular solvent. Their entirely ionic nature is reflected by interesting chemical and physical
properties, such as lack of any measurable vapour pressure, non-inflammability, unusual
solvent and miscibility characteristics and very large liquid range. Since the structure of both,
anion and cation, and their combination can be varied, they provide well tuneable adaptation
to given scientific or technical aims in a wide field of different applications, among them
waste technological ones.
Extraction media for the selective liquid/liquid extraction of heavy metals from aqueous
systems based on ionic liquids were first published by Robin D. Rogers et al. in the year
2001 [2] . Nernst distribution ratios of these hexafluorophosphates were reported for Cd2+ and
Hg2+ to be ≤ 380. However, these pioneering ionic liquids show some major drawbacks: Their
anion is known to be quite unstable against hydrolysis and produces toxic and corrosive HF or
fluorides. The disposal of these fluorous compounds is expensive and problematic. The
synthesis at larger scale is complicated, starting materials are expensive.
In contrast the new ionic liquid extraction media presented by the author are stable to
hydrolysis, most likely non toxic and can be produced easily from cheap industrial starting
materials by a patented green process.
Keywords: Waste water, process water, filter cake, heavy metal, ionic liquids, extraction
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1. Introduction
Ionic liquids are a new class of organic
molten salt solvents, with melting points
lower 100°C down to even much lower
than room temperature. In contrast to that,
a solution of a salt in any kind of
molecular solvent is not an ionic liquid but
an ionic solution. Ionic liquids consist
entirely out of ions, which is reflected by
unusual physical and chemical properties
such as lack of any measurable vapour
pressure in general  [3], non-
inflammability, unusual solvent and
miscibility characteristics and very large
liquid range. Due to their ionic nature the
structure of both, anion and cation, and
their combination can be varied. Therefore
they provide well tuneable adaptation to
given scientific or technical aims in a wide
field of different applications, among them
waste technological ones.
So called “Task Specific Ionic Liquids” for
the selective liquid/liquid extraction of
heavy metals from aqueous systems where
first published by Robin D. Rogers et al. in
the year 2001 [2]. Functionalised
imidazolium cations with thioether, urea or
thiourea derivatized side chains act as
metal ligating moieties whereas the PF6
–
anions provide the desired water
immiscibility (Fig. 1). Nernst distribution
ratios were reported for Cd2+ and Hg2+ to
be ≤ 380 over a large pH range.
NN
PF6
N
S
N
Fig. 1:  Thiourea derivatized ionic liquid
These ionic liquids were the first to contain
specific functionalities to enable well
defined chemical properties and were
therefore called “task specific”. They first
inspired us to use functionalised ionic
liquids for the treatment of heavy metal
polluted aqueous and solid wastes.
However, these pioneering ionic liquids
show some major drawbacks: The
hexafluorophosphate anion is known to be
quite unstable against hydrolysis and
produces toxic and corrosive HF or
fluorides. The toxicity of the imidazolium
cation is difficult to be estimated, an
expensive toxicological study is risky. The
disposal of these fluorous compounds is
expensive and problematic. The synthesis
at larger scale is complicated, starting
materials are expensive.
Novel task specific ionic liquids:
Quaternary Ammonium thiosalicylates,
thiolactates and thiobenzoates
To overcome the named drawbacks -
especially in consideration of a possible
industrial application at larger scales – and
to enhance the performance, proionic
Production of Ionic Substances GmbH
developed a new ionic liquid in their
laboratories [4]: Trioctylmethylammonium
thiosalicylate (“TOMATS”, Fig. 2).
N
C8H17
C8H17
C8H17
COO
SH
Fig. 2: TOMATS
TOMATS contains no fluorine and is
absolutely stable to any hydrolysis. It
therefore does not release HF or fluorides,
is not corrosive and much easier to
dispose. The toxicity of the cation is
known from common compounds like
Trioctylammonium-chloride (a phase
transfer catalyst) as well as the anion from
thiosalicylic acid and it’s salts to be just an
irritant. The synthesis is simple and can be
done at industrial scales.
TOMATS was evaluated as medium for
t he  ex t r ac t i ve  heavy  me ta l
decontamination of waste water and
process water at the Institute of Inorganic
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Chemistry, University of Vienna.
Additionally, it was evaluated for the
decontamination of filter cake (from waste
water treatment of a municipal solid waste
incineration plant) at the Institute for
Sustainable Waste Management and
Technology, University of Leoben.
Beside TOMATS two similar ionic liquids
where developed by proionic GmbH and
evaluated as well:
Trioctylmethylammonium-thiolactate
(“TOMATL”, Fig. 3) and
Trioctylmethylammonium-thiobenzoate
(“TOMATB”, Fig. 4).
N
C8H17
C8H17
C8H17
CH3CHCOO
SH
Fig. 3: TOMATL
N
C8H17
C8H17
C8H17
COS
Fig. 4: TOMATB
2. Experimental
2.1. Preparation
All three task specific ionic liquids where
prepared by the react ion of
Trioctylmethylammoniummethylcarbonate
(Fig.  5) with the corresponding acids
Thiosalicylic acid, Thiolactic acid and
Thiobenzoic acid in aqueous solution.
Adding exactly one molar equivalent of
acid to a stirred aqueous emulsion of the
quaternary carbonate, carbon dioxide was
released and the desired ionic liquid was
formed as a water immiscible phase, which
was separated, washed and isolated in
vacuo to yield typically 98 to 99% of the
theoretical amount.
N
C8H17
C8H17
C8H17 CH3CO3
Fig. 5: Trioctylmethylammonium-methylcarbonate
Trioctylmethylammoniummethylcarbonate,
TOMATS, TOMATL and TOMATB are
commercially available at proionic
Production of Ionic Substances GmbH,
Peter Tunner Straße 19, A-8700 Leoben,
Austria. Thiosalicylic acid, Thiolactic acid
and Thiobenzoic acid where purchased at
Sigma Aldrich GmbH, which is also selling
TOMATS.
2.2. Characterisation
Infrared spectra were measured on a Perkin Elmer
FTIR 2000 using silicon discs against pure silicon.
Electron spray mass spectroscopy was performed
on a Bruker Esquire 3000 in methanolic solution in
positive and negative mode without fragmentation.
Nuclear magnetic resonance spectra were measured
on a Bruker Avance DPX 400.
Trioctylmethylammonium-thiosalicylate
Formula: C32H59NO2S
Molecular mass: 521,90 g/mol
Appearance: Olive green viscous liquid
Melting Point: < -20°C
Refractive Index: nD
23 = 1,523
1H NMR ([D6]DMSO): d  = 3.18 (m, 3x2H), 1.60
(m, 3x2H), 1.27 (m, 3x10H), 0.87 (m, 3x3H), 2.93
(s, 3H), 7.24 (d, J = 8 Hz, 1H), 6.93 (t, J = 8 Hz,
1H), 6.68 (t, J = 8 Hz, 1H),7.86 (d, J = 8 Hz, 1H)
ppm.
13C NMR ([D6]DMSO): Kation: d = 61.4 (3xCH 2),
32.1 (3xCH2), 29.3 (3xCH2), 29.3 (3xCH2), 26.7
(3xCH2), 23.0 (3xCH2), 22.2 (3xCH2), 14.9
(3xCH3), 48.4 (CH3) ppm.
Anion:  d  = 136.6 (CH, aromat), 130.4 (CH,
aromat), 131.8 (CH, aromat), 119.4 (CH, aromat)
ppm.
IR: 2927.6, 2857.6, 1649.0, 1583.5, 1446.6, 1377.9,
1270.2, 1116.1, 1055.8, 1031.9, 743.99,
695.96cm–1.
ESI-MS: +mode: m/z 368.5 (TOMA+); –mode:
m/z 153.0 (Thiosalicylate–)
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Trioctylmethylammonium-thiolactate
Formula: C28H59NO2S
Molecular mass: 473,85 g/mol
Appearance: Yellowish viscous liquid
Melting Point: < -20°C
Refractive Index: nD
23 = 1,476
1H NMR ([D6]DMSO): d = 3.17 (m, 3x2H), 1.60
(m, 3x2H),  1.28 (m, 3x10H), 0.87 (m, 3x3H), 2.95
(s, 3H) ppm.
13C NMR ([D6]DMSO): Kation: d = 61.4 (3xCH 2),
32.1 (3xCH2), 29.3 (3xCH2), 29.2 (3xCH2), 26.7
(3xCH2), 23.0 (3xCH2), 22.2 (3xCH2), 14.8
(3xCH3), 48.4 (CH3) ppm.
Anion: d = 41.4 (CH), 24.9 (CH3) ppm.
IR: 3358.4 (breit), 2956.4, 2926.9, 2857.2, 1601.5,
1466.7, 1375, 1343.5, 1208.5, 1066.5, 858.25,
723.82cm-1.
ESI-MS : +mode: m/z 368.2 (TOMA+) ; –mode:
m/z 105.2 (Thiolactate–)
Trioctylmethylammonium-thiobenzoate
Formula: C32H59NOS
Molecular mass: 505,90 g/mol
Appearance: Red brown viscous liquid
Melting Point: < -20°C
Refractive Index: nD
23 = 1,506
1H NMR ([D6]DMSO): d = 3.19 (m, 3x2H), 1.61
(m, 3x2H),  1.26 (m, 3x10H), 0.87 (m, 3x3H), 2.94
(s, 3H), 8.05 (m, 2xH, aromat), 7.21 (m, 3xH,
aromat) ppm.
13C NMR ([D6]DMSO): Kation: d = 61.4 (3xCH 2),
32.1 (3xCH2), 29.3 (3xCH2), 29.3 (3xCH2), 26.7
(3xCH2), 23.0 (3xCH2), 22.2 (3xCH2), 14.8
(3xCH3), 48.4 (CH3) ppm.
Anion: d  = 130.0 (CH, aromat), 127.4 (2xCH,
aromat), 128.6 (2xCH, aromat) ppm.
IR: 3397.1 (breit), 2927.6, 2857.4, 1516.1, 1468.3,
1377.5, 1194.6, 1160.3, 945.71, 778.4,
723.34, 697.99cm-1.
ESI-MS: +mode : m/z 368.5 (TOMA+) ; –mode :
m/z 137.0 (Thiobenzoate–) 
2.3. Aqueous extractions
All extractions of heavy metals from
aqueous media were performed the
following way:
A 10 ml centrifugation-tube with screw
cap was loaded with 6 ml of the aqueous
medium. 3 ml of the ionic liquid was
added and the tube closed. The tube was
shaken vigorously for 2 minutes. After that
the tube was centrifuged for 5 minutes at
5000 rpm. Generally a clear phase
separation was observed; in some cases a
demulsifier (e.g. some 10mg of sodium
sulphate or potassium nitrate [5]) was
added. The ionic liquid formed in all cases
the upper layer. The lower aqueous layer
was carefully pulled up into a syringe by
placing the needle closely to the tubes
bottom. To remove any trace of not
separated ionic liquid, the aqueous phase
was filtered through a 0,45µm PVDF-
membrane filter placed on the syringe after
removing the needle.
The concentration of heavy metal in the
aqueous solution was measured before the
extraction (c0) and after the extraction (c)
using a GBC Avanta 906 flame AAS and
Merck Spectroquant test sets. Because the
volume ratio ionic liquid to aqueous phase
was 1:2 the Nernst distribution coefficient
was calculated as
N = cIL / cH2O = 2(c0 - c) / c
Typically c0-concentrations between 1 ppm
and 500 ppm heavy metal have been
chosen by adding an appropriate amount of
a standard solution to the water samples. It
has to be noted, that the measurement of c0
before the extraction was always
performed when choosing a real waste- or
process water matrix: Natural or artificial
complexing agents  (humic acids, EDTA,
NTA etc.) or precipitation of heavy metal
salts can change the concentration.
2.4. Extractions of filter cake
Filter cake from wastewater treatment of a
municipal solid waste incineration plant
consists out of a quite complex mixture of
metal oxides, carbonates etc. (see 3.3
Extraction from filter cake). This filter
cake has been homogenised and dried
thoroughly prior to use. The metal
concentrations c0 before the solid/liquid
extraction via ionic liquids has been
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measured by AAS; for this the filter cake
was solubilized using a common acidic
extraction method with concentrated nitric
acid, hydrofluoric acid and hydrogen
peroxide in a microwave oven.
The extraction of the filter cake with the
ionic liquid was performed the following
way: 5 grams of the filter cake was treated
with 5 grams of the ionic liquid under
addition of 10ml of water and 20ml of
isopropanol. The isopropanol/water
mixture dissolved the ionic liquid to
guarantee a low viscosity and therefore a
good contact between filter cake and liquid
phase. The samples were stirred vigorously
for 4 days. Then the remaining solid was
washed with isopropanol/water several
times. The dried solid was then solubilized
and analysed the same way as the
reference sample already described, to
deliver the heavy metal concentrations c
after the extraction. The depletion factor
ND in % was calculated as
ND = (c0-c / c0)·100
For this first investigation of filter cake, we
have chosen this set up to limit the number
of phase transitions to one. Without
isopropanol the ionic liquid would have
formed a third phase due to the water
immiscibility: Such a solid/liquid/liquid
extraction could have been kinetically
hindered. For an industrial application
further developments without using a
cosolvent have to be done undoubtedly.
Fig. 6: Extraction of copper
3. Results and discussion
3.1. Aqueous extraction from
standard solutions
In a first stage of our investigations Nernst
distribution coefficients were measured
under “ideal conditions” for a series of
metals using standard solutions with 50 to
500ppm concentration. Fig. 6 shows the
extraction of a concentrated copper
solution, using normal test tubes: After
addition of TOMATS and waiting some
time without shaking, nice diffusion zones
can be seen (middle tube). The copper
solution is discoloured by loosing cooper
near the interface, TOMATS reacts with
copper showing a brown colour. After
shaking and phase separation (right tube)
the aqueous phase is free of copper
whereas the ionic liquid phase has
completely changed its colour and contains
all the metal.
Table 1 shows some typical values for
these distribution coefficients measured
after extraction with Trioctylmethyl-
ammoniumthiosalicylate (TOMATS):
Pb2+ Cd2+ Hg2+ CrO4
2– Cr3+
pH 7 >104 >104 >104 2500 2500
pH 5 >104 >104 >104 1000 1000
pH 3 >104 >104 >104
pH 1 5000 5000 >104
Cu2+ Ni2+ Fe3+ Ag+
pH 7 >104 >104 1500 >104
pH 5 >104 >104 700 >104
pH 3 5000 1000 550
pH 1 3000 20 15
Table 1: Nernst distribution coefficients for
TOMATS
It shows extremely good distribution
coefficients over a wide pH range,
especially for the “classical” heavy metals
like lead, cadmium and mercury. Values
>104 indicate, that the concentration of
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metal was below the detection limit of the
analytic method.
Chromium-VI reacts with TOMATS and is
reduced to Chromium-III, which is bound
to the residual TOMATS and extracted.
This seems to open interesting applications
in connection with electroplating process
waters and the removal of toxic chromium-
VI and chromium-III in one single step.
TOMATS shows also some interesting
selectivity: The distribution of Iron is
worse compared to the heavy metals
especially at decreasing pH values. Iron is
not a typical metal for natural waters but
may be part of waste and process water
(e.g. from mining facilities) in higher
concentration. It would downgrade the
performance to extract heavy metals if
there would be no tuneable selectivity.
In general Table 1 shows increasing Nernst
distribution coefficients with increasing
atomic number of the metals.
TOMATL and TOMATB:
Trioctylmethylammonium-thiolactate
(TOMATL) and Trioctylmethylammo-
niumthiobenzoate (TOMATB) have been
evaluated as well, as shown in Table 2: We
found both to be much worse extractants
for heavy metals than TOMATS. From a
synthetic and toxic point of view
TOMATL and TOMATB would have been
very interesting too (cheap, industrial
starting materials, most likely harmless
because other thiolactates and
thiobenzoates known) but they have some
other major drawbacks as well: TOMATL
forms quite stable emulsions and
TOMATB is not stable enough to air;
therefore we stopped any further
investigations
Pb2+ Cd2+ Cu2+
TOMATL  pH 7 3500 1500 3000
TOMATB  pH 7 3000 1200 2500
Table 2: Nernst distribution coefficients for
TOMATL and TOMATB
Distribution coefficient and structure:
Comparing the Nernst distribution
coefficients for TOMATS and TOMATB
(see Fig. 2 and Fig. 4) the higher values for
TOMATS may be explained the following:
Both substances are forming metal-
thiolates analogue to known inorganic and
organic metal-thiolates formed by
mercaptanes [6], but TOMATS most
probably is additionally forming a chelat
like complex-bond via the carboxylate
group.
S
M
O
O
S M
O
O
H3C
H
I II
Fig. 7: Proposed metall-complex structures
More surprisingly TOMATL (Fig. 3)
shows a much lower distribution
coefficient than expected: TOMATS and
TOMATL both carry the same
functionalities namely a thiole and a
carboxylate group. Therefore it appears to
be most likely, that both substances form a
similar thiolate-chelat complex.
Comparing the two proposed metal-
complex structures (F ig .  7) there is a
significant difference: Whereas TOMATS
forms an ideal six-membered and coplanar
ring due the aromaticity of the benzene
ring and the charge delocalisation of the
carboxylate group, with a fixed cis
orientation of both ligating groups (I), the
TOMATL metal-complex shows a
strengthened and twisted five-membered
ring (II). This is energetically disfavoured,
the influence of the chelating carboxylate
group in consequence much less.
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3.2. Aqueous extraction from real
matrices
The next step of our examinations was the
extraction under real conditions: We tested
tap water (approx. 10° DH), polluted river
water (origin: Donaukanal / Vienna) and
waste water from a municipal waste water
treatment plant (origin: EBS / Vienna) as
real matrices by adding 50 to 500ppm of
the desired metals. Typical values are
shown below in Table 3:
Pb2+ Cd2+ Hg2+ Cu2+ Fe3+
1 >104 >104 >104 >104 200
2 >104 >104 >104 >104 0
3 500 500 5000 1000 0
Table 3: Nernst distribution coefficients for
TOMATS; 1: Tap water; 2: Polluted river water; 3:
Waste water
It is absolutely clear, that especially the
waste water samples chosen represent just
a particular of many possible
compositions. For a more detailed result
many different samples of diverse
composition should be tested. Nevertheless
it can be seen, that the extraction of heavy
metals using task specific ionic liquids like
TOMATS still works under the influence
of a real matrix with very satisfying
results: A Nernst distribution coefficient of
e.g. 500 for cadmium or 5000 for mercury
means, that 99,8% cadmium and 99,98%
mercury is removed with one single
extraction step!
3.3. Extraction from filter cake
As described in 2.4 we have studied the
direct extraction of filter cake from
wastewater treatment of a municipal solid
waste incineration plant. This complex
mixture of several metal oxides, carbonates
and other insoluble salts attracted us to
examine, weather it is possible to deplete
the heavy metal content without adding
any acid or other solubilizer; the obviously
high complexing power of TOMATS gave
us the idea to extract the heavy metals by
transferring the chemical equilibrium from
the side of the insoluble salts to the side of
the metal-complex formation; in our first
experiments the following depletion
factors measured as dried solid were
observed:
Pb Cd Hg Fe
c0 [ppm] 2620 85 410 76000
c [ppm] 1010 65 281 38000
ND [%] 61 23 32 50
Table 4: Depletion in filter cake; co = starting
concentration; c = concentration after extraction;
ND = depletion factor
These  results are not outstanding yet, but
they show the principle possibility to
remove heavy metals out of filter cake
without treatment with acids. It is not clear
at this time, weather the quite low
depletion factors result out of the low
solubility of the metal oxides and
carbonates or the incomplete reaction of
the filter cake particles, which maybe only
react on the surface in the investigated
scale of time.
3.4. Further investigations
Some additional questions one might ask,
should be answered here:
Viscosity:
The dynamic viscosity of TOMATS was
determined using the falling ball method
for the pure substance and for a mixture
containing 5 mass% of ethyl acetate
showing the following results:
TOMATS 100% TOMATS 95%
T[°C] d [g/cm3] h [mPa.s] d [g/cm3] h [mPa.s]
20 0,9556 1.500 0,9534 509
40 0,9445 352 0,9424 158
60 0,9325 119 0,9300 63
80 0,9213 50 0,9185 30
Table 5: Viscosity and density of TOMATS
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Table  5 indicates a common problem
associated with ionic liquids: In general a
quite high viscosity. This causes a decrease
of the extraction kinetics due to a slower
mass transport at the interface TOMATS /
aqueous medium and probably problems in
the phase separation process. On the other
hand adding just 5 mass% of a cosolvent
e.g. ethyl acetate and/or heating, changes
the viscosity significantly; generation and
application of a micro emulsion of
TOMATS would dramatically speed up the
extraction process and is technically state
of the art. The separation process could be
done by e.g. continuous centrifugation
and/or membrane separation even at
industrial scale. Therefore viscosity is to
our conviction a problem, which will most
likely be solved in an industrial scale up
and development process.
Maximum extraction capacity:
Samples of TOMATS were extracted
repeatedly with highly concentrated
solutions of heavy metals showing a
maximum uptake corresponding to a 1:1
molar stoichiometry. This means for
example a theoretical uptake of 39 mass%
of lead, which could be reached in
practice.
Recycling:
A possible not yet completely developed
recycling process for TOMATS could be
the stripping of complexed metals by
strong, non oxidizing acids – e.g.
hydrochloric acid – which hydrolyze the
metal-thiolate bond releasing the metal as
chloride into the aqueous phase. After
neutralization TOMATS can be recovered;
problems associated with ion exchange
between TOMATS and high chloride
concentrations were not observed in first
experiments but are not yet fully tested.
Electroplating of the metals might be
possible too but has not been tested as
well. The separation of complexed metal
by destroying TOMATS (without
recycling) is possible by the oxidation of
the thiol-group e.g. with nitric acid,
hydroperoxide etc. or most likely with air
using an appropriate catalyst.
Leaching
Leaching of TOMATS into the aqueous
phase was determined using UV-
spectroscopy to be in the range of some
100ppm up to 1000ppm and more. It is not
clear up to know, whether we where
measuring the concentration of dissolved
or of very fine dispersed TOMATS, which
was not completely separated after
centrifugation.
4. Conclusion
To remove heavy metals from liquid and
solid wastes a few technologies have been
applied up to know, among them chemical
precipitations with e.g. hydrogensulphide
and sorption on ion exchange, activated
charcoal or alumina. Whereas the former
technology produces a lot of waste, has
limited performance and is not easy to
handle the latter suffers from high costs
and low sorption capacity.
To our knowledge for the first time a
stable, cheap, industrially available and
most likely harmless liquid extraction
medium, based on a task specific ionic
liquid, has been developed and evaluated
for the heavy metal decontamination of
liquid and solid wastes. The very first
results published in this paper show a
promising future for these ionic liquids,
even though there has to be done a lot of
work to develop this new technology up to
an industrial application. The main
advantages are a high extraction
performance with more than 99,8%
depletion of the heavy metals in one single
step and a perfect extraction capacity with
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a stoichiometric uptake, which means for
example 39 mass% of lead. The technical
process for an industrial realisation seems
to be promising using standard separation
technologies like continuous centrifugation
and membrane filtration. The recycling of
the extraction medium as basis for an
application in a closed loop system is
generally possible.
Even though TOMATS is not a standard
product yet and not fully tested, it is
already available in 100kg scale e.g. for
testing pilot plants.
There is undoubtedly a wide range of
applications in the field of waste
technology, especially such with a high
concentration of heavy metals e.g. mining
process water and galvanic waste water.
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3.4.12 Patent: Liquid Sorbant, Method of Using a Liquid Sorbant and Device for 
Sorbing a Gas 
P. Dinnage, R. Kalb; US20110247494 (granted) 
R. Kalb invented the claimed liquid sorbents and major parts of the method, based on 
the application WO2010149674 “Method of use of an ionic liquid and device for sorption 
of a gas", another of his inventions; he was involved in the design of the device, which 
was leaded by P. Dinnage; he designed and selected all of the liquid sorbents to be 
synthesized and investigated; he performed parts of the experiments and leaded all 
chemical experimental work; he performed the evaluation and interpretation of the 
chemical results and was involved in the evaluation and interpretation of the process 
results. He wrote the chemical part of the manuscript. His overall contribution is about 
60%. 
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3.4.13 Patent: Method of Use of an Ionic Liquid for Storing Hydrogen 
R. Kalb; WO2010081657; pending in EP, IN, CA; granted in US, KR, JP, CN, AU 
 
R. Kalb invented the claimed method; he designed and selected all of the hydrogen 
storing ionic liquids to be synthesized and investigated; he leaded and supervised all 
chemical experimental work and performed major parts of it; he performed the evaluation 
and interpretation of the chemical results and wrote the manuscript as well. His overall 
contribution is about 90%. 
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3.4.14 Patent: Use of an Ionic Liquid for Storing Hydrogen 
R. Kalb, A. Kraynov; WO2013113452; pending in EP, KR, IN, HK; granted in US, JP, 
CA, AU, CN. 
 
R. Kalb and A. Kraynov jointly invented the claimed use; R. Kalb designed and selected 
all of the hydrogen storing ionic liquids to be synthesized and investigated; he leaded 
and supervised all experimental work and performed parts of it; he performed the 
evaluation and interpretation of the chemical results and wrote the manuscript as well. 
His overall contribution is about 75%. 
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3.4.15 Patent: Ionic liquids for Cooling in High Temperature Environments 
R. Kalb, WO2013113461; pending in RU, PH, PE, MX, JP, IN, HK, EP, CN, CL; granted 
in KR, CA, AU, US 
 
R. Kalb invented the claimed cooling medium; he designed and selected all of the ionic 
liquids to be synthesized and investigated; he leaded and supervised all chemical 
experimental work and performed major parts of it as well; he performed the evaluation 
and interpretation of the chemical results and wrote the manuscript as well. His overall 
contribution is about 90%. 
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4 Index 
 
4.1 Computations 
4.1.1 Equilibrium computations 
 
Standard first-principles molecular orbital calculations were performed with the Gaussian 
03 Rev.04 series of programs (198). Energies were obtained at the G3(MP2) level of 
theory. G3 theory is a procedure for calculating energies of molecules containing atoms 
of the first and second row of the periodic chart based on ab initio molecular orbital 
theory. A modification of G3 theory that uses reduced orders of Moller-Plesset 
perturbation theory is G3(MP2) theory (199) (200). This method saves considerable 
computational time compared to G3 theory with some loss in accuracy, but is much more 
accurate than G2(MP2) theory. For all the species included in this study, full geometry 
optimizations were carried out at the HF/6-31G(d) level. The corresponding harmonic 
vibrational frequencies were evaluated at the same level of theory to confirm that the 
optimized structures found correspond to potential energy minima. All the minima found 
at the HF/6-31G(d) level were again fully re-optimized at the G3(MP2) method. G3MP2 
theory uses geometries from second-order perturbation theory and scaled zero-point 
energies from Hartry-Fock theory followed by a series of single-point energy calculations 
at the MP2(Full), QCISD(T) and MP2/GTMP2Large levels of theory (for details see 
reference (200)). 
 
4.1.2 Solvation computations 
GSolv = 

mG (gas) + 

mG  (in solvent) 
Gaussian-3 theory is the third in a series of G-methods for calculation of molecular 
energies. It is a composite technique in which a sequence of well-defined ab initio 
molecular orbital calculations is performed to arrive at a total energy of a given molecular 
species. Geometries are determined using second-order Moller-Plesset perturbation 
theory. Correlation level calculations are done using Moller-Plesset perturbation theory 
up to fourth-order and with quadratic configuration interaction. Large basis sets, including 
multiple sets of polarization functions, are used in the correlation calculations. One of 
these basis sets is the G3Large basis set given below. A series of additivity 
approximations makes the technique fairly widely applicable. 
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Calculation: 
 
Polarizable Continuum Model (CPCM), MP2/cc-PVDZ calculation 
http://chemistry.umeche.maine.edu/Modeling/solvate.html 
http://en.wikipedia.org/wiki/Polarizable_continuum_model 
http://www.gaussian.com/g_tech/g_ur/k_scrf.htm 
 
 
Enthalpy of formation and Gibbs free energy of methylcarbonate anion, 298.15 K, kJmol-1 
Dielectric 
constant 
Dipole moment, 
solvent 
Gsolv Solvent Dipole moment, gas 
35.688 5.4208 -58.93 Acetonitrile 4.3774 
32.613 5.4175 -56.00 Methanol 4.3771 
4.24 5.043 -44.30 Diethylether 4.2610 
46.826 5.4323 -57.93 Dimethylsulfoxide 4.3806 
37.219 5.4185 -61.22 Dimethylformamide 4.3792 
   Methylcarbonate anion 5.0320 
 
Polarizable Continuum Model (CPCM) 
Model            : C-PCM. 
Atomic radii          : UFF (Universal Force Field). 
Polarization charges   : Total charges. 
Charge compensation : None. 
Solution method          : Matrix inversion. 
Cavity type                  : Scaled VdW (van der Waals Surface) (Alpha=1.100). 
Cavity algorithm          : GePol (No added spheres) 
Default sphere list used, NSphG=    8. 
Lebedev-Laikov grids with approx.  5.0 points / Ang**2. 
Smoothing algorithm: Karplus/York (Gamma=1.0000). 
Polarization charges: spherical gaussians, with point-specific exponents (IZeta= 3). 
Self-potential: point-specific (ISelfS= 7). 
Self-field    : sphere-specific E.n sum rule (ISelfD= 2). 
1st derivatives      : Analytical E(r).r(x)/FMM algorithm (CHGder, D1EAlg=3). 
                        Cavity 1st derivative terms included. 
2nd derivatives      : Analytical E(r).r(xy)/FMM algorithm (CHGder, D2EAlg=3). 
                         Cavity 2nd derivative terms included. 
Solvent              : Acetonitrile, Eps=  35.688 Eps(inf)=   1.806874 
Solvent              : Methanol, Eps=  32.613 Eps(inf)=   1.765709 
Solvent              : Diethylether, Eps=   4.240000 Eps(inf)=   1.829527 
Solvent              : Dimethylulfoxide, Eps=  46.826000 Eps(inf)=   2.007889 
Solvent              : N,N-Dimethylformamide, Eps=   37.219 Eps(inf)=   1.4305* 
* from J. Chem. Theory Comput. 2010, 6, 2829–2844 
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Result of calculation of solvation effects, kcal/mol 
Acetonitrile Methanol 
(Unpolarized solute)-Solvent =     -61.40 
(Polarized solute)-Solvent     =     -64.19 
Solute polarization                =       2.98 
Total electrostatic                   =     -61.22 
Cavitation energy                    =      11.71 
Dispersion energy                   =      -6.49 
Total non electrostatic            =       5.22 
DeltaG (solv)                          =     -56.00 
(Unpolarized solute)-Solvent =     -61.23 
(Polarized solute)-Solvent      =     -64.01 
Solute polarization                 =       2.96 
Total electrostatic                   =     -61.05 
Cavitation energy                    =       9.88 
Dispersion energy                   =      -7.77 
Total non electrostatic            =       2.11 
DeltaG (solv)                          =     -58.93 
Diethylether Dimethylsulfoxide 
(Unpolarized solute)-Solvent =     -48.06 
(Polarized solute)-Solvent     =  -49.66 
Solute polarization                 =   1.98 
Total electrostatic                  = -47.68 
Cavitation energy                 =   10.74 
Dispersion energy                 =   -7.36 
Total non electrostatic         =     3.37 
DeltaG (solv)                       =     -44.30 
(Unpolarized solute)-Solvent =     -61.83 
 (Polarized solute)-Solvent  =     -64.67 
 Solute polarization             =       3.01 
 Total electrostatic               =    -61.66 
 Cavitation energy               =      12.97 
 Dispersion energy               =      -9.24 
 Total non electrostatic        =       3.73 
 DeltaG (solv)                      =     -57.93 
N,N-Dimethylformamide  
(Unpolarized solute)-Solvent  =     -61.41 
 (Polarized solute)-Solvent      =     -64.18 
 Solute polarization                 =       2.95 
 Total electrostatic                   =     -61.22 
 DeltaG (solv)                         =     -61.22 
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4.2 Evaluation of CBILS® according to the 12 Principles of 
Green Chemistry 
 
The “12 Principles of Green Chemistry” have been published by P.T. Anastas, J.C. Warner in 
the year 1998 (114) and show a strategy how to design chemical production processes safer and 
greener. In this context the CBILS® route for producing ionic liquids industrially, has been 
evaluated as follows: 
1. Prevention: “It is better to prevent waste than to treat or clean up waste after it has been 
created.” The CBILS® route theoretically produces no waste, in reality produces unavoidable low 
waste quantities due to consumption and decomposition of chemicals in the recycling steps etc. In 
contrast to this, conventional ionic liquid synthesis produces at least one molar equivalent of 
waste. At present generation of one molar equivalent of CO2, but realistic option for recycling of 
formed CO2 to dialkylcarbonates in the near future, see (122). 
2. Atom Economy: “Synthetic methods should be designed to maximize the incorporation 
of all materials used in the process into the final product.” All materials in CBILS® are 
incorporated into the final product except solvents, which are continuously recycled and stay in 
closed loops, and at present CO2, as stated above. 
3. Less Hazardous Chemical Synthesis: “Wherever practicable, synthetic methods should 
be designed to use and generate substances that possess little or no toxicity to human 
health and the environment.” In contrast to most of conventional ionic liquid production routes, 
CBILS® does not use toxic and carcinogenic alkylating agents such as alkylhalides or 
dialkylsulfates but harmless dialkyl- or diarylcarbonates. Methanol as the main solvent is toxic but 
a very well-known high volume chemical with decades of experience in industrial production 
processes, e.g. the worldwide production of millions of tons of biodiesel fuel per year or the use 
as fuel additive. 
4. Designing Safer Chemicals: “Chemical products should be designed to effect their 
desired function while minimizing their toxicity.” CBILS® does not use toxic and carcinogenic 
alkylating agents such as alkylhalides or dialkylsulfates but harmless dialkylcarbonates, see also 
no. 3. 
5. Safer Solvents and Auxiliaries: “The use of auxiliary substances (e.g., solvents, 
separation agents, etc.) should be made unnecessary wherever possible and innocuous 
when used.” In general no auxiliaries are needed in the CBILS® route, solvents see no. 3. In 
most of conventional ionic liquid synthesis a large volume of solvents and/or auxiliaries are 
needed for the alkylation reaction and the following metathesis or resin based ion exchange. 
6. Design for Energy Efficiency: “Energy requirements of chemical processes should be 
recognized for their environmental and economic impacts and should be minimized. If 
possible, synthetic methods should be conducted at ambient temperature and pressure.” 
CBILS® runs at around 10 to 30 bar pressure, relatively high temperatures of 120 °C to 150 °C 
and reaction times of up to several days; this point might be one of the drawbacks of the 
carbonate based synthesis of ionic liquids. Continuous flow methods described in chapter 3.1.5 
may have the potential to reduce the energy demand and improve productivity. Anyway, 
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conventional ionic liquid synthesis frequently needs long reaction times and quite high 
temperatures as well, e.g. when alkylating with long chain alkylhalides, or needs pressure, e.g. 
when ethylating or methylating using uncomfortable gaseous reagents like chloroethan or 
chloromethane to prevent the use of strong carcinogenics like dimethylsulfate or methyliodide. 
7. Use of Renewable Feedstocks: “A raw material or feedstock should be renewable rather 
than depleting whenever technically and economically practicable.” The use of bioalcohols 
(201) and dialkylcarbonates made from these alcohols and biogenic CO2 is a possible option but 
a question of costs, as it is for the use of renewable N-bases as nucleophiles as well.   
8. Reduce Derivatives: “Unnecessary derivatization (use of blocking groups, 
protection/deprotection, temporary modification of physical/chemical processes) should 
be minimized or avoided if possible, because such steps require additional reagents and 
can generate waste.” No derivatization is used in CBILS® processes.  
9. Catalysis: “Catalytic reagents (as selective as possible) are superior to stoichometric 
reagents.” Catalysts have shown activity to decrease reaction time and therefore save energy 
consumption in CBILS® reactions; all stoichiometric reagents are part of the final product or run in 
closed loops, except the liberated CO2 at present, see no. 1. 
10. Design for Degradation: “Chemical products should be designed so that at the end of 
their function they break down into innocuous degradation products and do not persist in 
the environment.” Biodegradability is an important topic of the application of ionic liquids in 
general and is not yet state of the art; there is a lot of work to do to design ionic liquids being more 
biodegradable (202). 
11. Real-Time analysis for Pollution Prevention: “Analytical methodologies need to be 
further developed to allow for real-time, in-process monitoring and control prior to the 
formation of hazardous substances.” Online process monitoring based on e.g. real-time FTIR, 
speed of sound, density, refractive index etc. are state of the art and can be used for ionic liquid 
synthesis. 
12. Inherently Safer Chemistry for Accident Prevention: “Substances and the form of a 
substance used in a chemical process should be chosen to minimize the potential for 
chemical accidents, including releases, explosions, and fires.” In multi ton scale up 
processes of the CBILS® route the optimization of safety issues is a major topic as it is for every 
industrial process nowadays. Continuous flow methods described in chapter 3.1.5 may have the 
potential to increase safety.  
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